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Foreword

Any model that attempts a realistic description
of fission-gas release and fuel swelling as a
function of fuel-fabrication variables and in a
wide range of reactor operating conditions
must treat them as coupled phenomena and
must include various mechanisms influencing
fission-gas behaviour. The most advanced
mechanistic codes FASTGRASS [1] and
VICTORIA [2] present various detailed
models for evolution of intragranular bubbles
formed from the solid solution of gas atoms in
the UO, matrix under irradiation conditions,
however, they are essentially based on
consideration of the equilibrium state of the
bubbles. Such an approach radically simplifies
the theory, since in this case the defect
structure of the crystal (including point defects,
such as wvacancies and interstitials, and
extended defects, such as dislocations) is al-
most completely excluded from consideration.
Such simplification is well grounded only in
steady-state irradiation conditions (except of
high burnups) which can be relatively well de-
scribed, however, by a simple parametric
Booth model or other semi-empirical correla-
tion models. So, in these simple situations, the
advantage of the mechanistic approach is not
so visible.

Under transient and/or annealing conditions
the approximation of equilibrium bubbles is
not anymore valid, and interactions of bubbles
with point defects and dislocations become
essential. Lacking mechanistic description of
real defects (vacancies, interstitials and
dislocations) and their interactions with
bubbles, various artificial mechanisms were
introduced in the codes, in order to simulate
more complicated regimes. These artificial
mechanisms require «effective» parameters,
which introduce strong uncertainties in the
code predictions, and, as a result, the
advantage of the mechanistic approach is
essentially lost. Trying to avoid any artificial
tuning and introduction of artificial mecha-
nisms was important reason for development
of the code MFPR (Module for Fission Prod-
ucts Release) [3, 4].

This code self-consistently describes evolution
of various defects and their interactions with
gas atoms and bubbles migrating out of grains,
and new parameters characterizing the crystal
defect structure also arise. However, being

physically grounded, these microscopic pa-
rameters can be fixed from the analysis of
available experimental data and then used
without any artificial tuning in further calcula-
tions. This is the main goal of this mechanistic
approach performed in collaboration between
the Nuclear Safety Institute (IBRAE) of Rus-
sian Academy of Sciences and the French «In-
stitut de Radioprotection et de Streté Nuclé-
aire» (IRSN), where the code is used to better
understand the results of the experiments per-
formed in the context of radiological conse-
quences of accidents (e.g., [S]). In particular,
this approach will help in developing appropri-
ate models for evaluating the risk of fission-
product release in the event of a severe acci-
dent or designing basis accident in a LWR.

In addition, as shown by many observations and
interpretations, the release of various chemically-
active fission products (FP) strongly depends on
formation of separate phases, mainly at grain
boundaries, and thermal behaviour of these
phases in various gas atmospheres that determine
the fuel oxygen potential and thus the stability of
the different phases. The MFPR module includes
modelling of chemical effects on the behaviour
of FP within irradiated oxide fuel at high tem-
peratures in the interval 500-3000 K. The «U —
FP—O» system is considered as a multi-
phase system consisting of multi-component
phases. Within the fuel matrix, the fission
products migrate as atoms to the gas bubbles
and solid phase precipitates at grain faces,
and their mobility depends in particular on
the extent of fuel oxidation characterized by
the stoichiometry deviation. The release rate
is thus proportional to partial pressures of FP
vapours determined by chemical states of
condensed FP species, and the major mecha-
nism for release of the fission products is
their vaporization at the gas/solid interface.
In connection with that description, a model
for fuel oxidation in steam/air mixtures was
also developed.

This collection of papers will describe, for an
intact fuel geometry, the main models of the
MFPR code both for fission gases and chemi-
cally-active elements and will give results of
validation of individual models against sepa-
rate-effects experiments and more global vali-
dation against integral experiments (e.g., the
French VERCORS tests [6]).



Acknowledgments

The work on development of new advanced sonal support and collaboration of Drs. R. Du-
models for the MFPR code was supported by bourg, P. Giordano and M. Kissane (IRSN) are
IRSN, Cadarache (France) under the Contract on greatly acknowledged.

the mechanistic code MFPR development; per-

M.S. Veshchunov

References

1.

Rest J.,, Zawadzki S.A. FASTGRASS: A Mechanistic Model for the Prediction of Xe, I, Cs, Te, Ba and Sr release
from Nuclear Fuel under Normal and Severe-Accident Conditions. NUREG/CR-5840 T192 040783. 1994.

Heames T.J., Williams D.A., Bixler N.E., Grimley A.J., Wheatley C.J., Johns N.A., Domogala P., Dick-
son L.W., Alexander C.A., Osborn-Lee l., Zawadzki S., Rest J., Mason A., Lee R.Y. VICTORIA:
A Mechanistic Model of Radionuclide Behaviour in the Reactor Coolant System under Severe Accident
Conditions. NUREG/CR-5545. 1992.

Veshchunov M.S., Ozrin V.D., Shestak V.E., Tarasov V.1, Dubourg R., Nicaise G. // Nucl. Eng. Des. 2006.
Vol. 236. P. 179-200.

Veshchunov M.S., Dubourg R., Ozrin V.D., Shestak V.E., Tarasov V.1 // J. Nucl. Mater. 2007. Vol. 362. P. 327-335.
Dubourg R., Faure-Geors H., Nicais G., Barachin M. // Nucl. Eng. Des. 2005. Vol. 235. P. 2183.
Ducros G., Malgouyres P.P., Kissane M., Boulaud D., Durin M. // Nucl. Eng. Des. 2001. Vol. 208. P. 191.



Modelling of Fission Products Transport in UO; Fuel

V.D. Ozrin, V.I. Tarasov

Introduction

In this paper a general formulation of a model
describing the fission-product (FP) accumula-
tion, transport and release from solid UO, fuel
under both irradiation and post-irradiation
conditions is presented. The model is underly-
ing for MFPR code, which has been developed
for the last decade in the framework of
IRSN—IBRAE (NSI) RAS collaboration. The
intragranular transport problem is considered
separately for two subsystems: the noble FP
(gas atoms dissolved in the matrix and filling
the grain bubbles) and chemically active FP
(elements and chemical compounds formed by
these elements). We restrict ourselves with

1. Main physical processes

Due to fission processes, a wide spectrum of
fission product elements is created in the UO,
matrix, the most important being combined
into 15 element groups: Cs, Ce, I, Eu, Mo, Nd,

presentation of the basic objects the model
deals  with, main  assumptions and
simplifications related to their properties,
interactions and transport. Also the framework
of the MFPR numerical algorithm is outlined.
However, the model for chemically active fis-
sion-product elements is considered more ex-
plicitly including formation of separate solid
phases at the grain boundaries and gaseous
compounds in the grain face bubbles. The
separate models simulating specific effects
under different regimes are described in detail
in the accompanying papers of this issue.

Ru, Nb, Ba, Sb, Sr, Te, Zr, Xe, La. Typical
abundance ratios for these elements per fission
[1] are shown in Table 1.

Table 1. Abundance of fission- product elements used in MFPR module

FP element Fission yield FP element Fission yield
Cs 0.182 Ce 0.154
I 0.011 Eu 0.002
Mo 0.248 Nd 0.303
Ru 0.142 Nb 0.008
Ba 0.084 Sb 0.0003
Sr 0.078 Te 0.026
Zr 0.326 Xe 0.241
La 0.065
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It is assumed that FP elements exist in the UO,
matrix in atomic form. All impurity atoms
formed due to fission processes migrate
diffusively within the matrix, in particular, to
grain boundary. In this way, atoms can be
captured by intragranular gas bubbles which
also can migrate to grain boundaries. Com-
peting processes are irradiation-induced and
thermal re-solution of atoms from the bubbles.
It is assumed that intragranular bubbles are
filled up by noble gases only.

Chemical interactions between the FP elements
and the dissolved oxygen result in formation of
separate phases in solid precipitates on the
grain boundaries and vaporization to the inter-
granular gas bubbles. These processes affect
significantly the release rates of all FP
elements including noble gases.

Intergranular bubbles are represented by
two groups: bubbles on grain faces (GF)
and on grain edges (GE). The GF bubble
growth progresses up to the grain surface

saturation, when interlinkage of the GF
bubble and formation of grain face channels
to the grain edges and corners occur.
Growth of the GE bubbles leads to their
interconnection by tunnels and formation of
an open porosity structure.

In the MFPR model, the process of FP re-
lease from solid fuel is divided into two
consecutive stages:

¢ intragranular FP transport from the bulk to
the grain boundary accompanied by forma-
tion of solid precipitates and gaseous spe-
cies in the intergranular bubbles,

e accumulation of FP-bearing gases in the
intergranular bubbles, and release to the
open porosity through the system of bub-
bles on the grain boundaries and the net-
work of channels and tunnels.

The model currently ignores the transport
delay in the FP releases to the gap related to
the gas transfer through the channel network
and through the open porosity.

2. Intragranular transport of FP elements

In the transport problem, a fuel grain is consid-
ered, for simplicity, as an isotropic sphere. The
problem is formulated separately (and in
different manners) for two subsystems: the

noble gas atoms (Xe, Kr) dissolved in the
matrix and filling the grain bubbles, and atoms
of chemically active element and molecules of
compounds formed by these elements.

2.1. Diffusion and release of chemically active FP elements

According to experimental data [2] and
thermo-chemical calculations [3—7], the major
considered phases in the irradiated UO, are the
«fuel—FP» solid solution, the metal phase, the
oxide phase of complex ternary compounds,
the solid phase of Csl and the gas phase. Zirco-
nium and rare earth elements are partially or
completely miscible with uranium dioxide to
form a solid solution. The relatively low solu-
bility of cesium, barium and strontium results
in precipitating the majority of barium in the
form of uranates, zirconates and molybdates as
a multi-component «grey» phase, which also
includes ternary compounds. Solubility of the
metals Mo and Ru and their oxides in solid
UO, is extremely low. These metals (along
with Tc, Rh, Pd) are present in the metallic
(«whitey) inclusions. Within the fuel matrix
the fission products migrate as atoms [8] to the

grain boundary where they can form
compounds in gas bubbles or condensed
precipitates. Chemical composition of fuel
along with the diffusivities of FP elements de-
pends significantly on the extent of fuel oxida-
tion.

In the MFPR chemical model [9, 10], irradi-
ated oxide fuel including fission products and
dissolved oxygen is considered as a multiphase
system consisting of multi-component phases.
The model for releases of the chemically active

FP elements from solid fuel implemented in

the current MFPR version is based on the fol-

lowing assumptions:

e In the system «UO,—FP elements—
Oxygeny, the following phases are consid-
ered: solid solution (SS) of FP elements and
oxygen in UO, matrix, separate solid
phases—precipitates (SP) that is the metal
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phase, «grey» phase of complex ternary
compounds, the phase of condensed Csl(c),
and the gas phase including molecular oxy-
gen, noble gases and FP element-bearing
vapors. The role of the gas phase plays the
system of the GF bubbles. Chemical
interactions with the intragranular bubbles,
as well as changes in chemical states of
gaseous FP within the GE bubbles and in
the open pores are ignored.

¢ Fission product elements migrate within the
UO, matrix in the atomic form. Since the
coefficient of solid state diffusion of
oxygen is significantly higher than that of
the fission product elements, the dissolved
oxygen has a spatially homogeneous con-
centration.

e Separate solid phases are formed at the
gas/solid interface. It is assumed that exis-
tence of these phases is determined by
thermodynamic conditions only. Any
kinetic limitations on formation of solid
phases are not taken into account. Diffusion
of fission-product elements within these
phases is ignored.

o The gas phase is in the equilibrium state, and
it is in equilibrium with the SP phases and
with the boundary layer of the SS phase.

Detailed description of the phase composition
and the approach to calculating chemical equi-
librium is given in the Appendix.

To formulate the transport problem, the com-
plex system is separated into two subsystems.
That is (1) solid solution (SS) of FP elements
and atomic oxygen dissolved in the UO, matrix,
and (2) the subsystem «solid precipitates—gas
phase» (SP/G). Concentration profiles of FP
elements in SS are described by the diffusion
equation:

%K(%Bﬁﬂ@i@iﬁa—x“)j, )
r r

where Y, is the local volume concentration of
the i-th element in solid solution, the subscripts
enumerate the subsystems, B; is the rate of
generation of the i-th element due to fission, D;
is the diffusion coefficient.

To introduce analogous equation for oxygen it
is needed, first of all, to define what part of
total oxygen can be considered as dissolved or
«free» and can participate in the diffusion
process. In pure non-stoichiometric urania,
UO»,:,, the molar concentration of the dis-

solved oxygen coincides, by definition, with
the stoichiometric deviation, x, the chemical
potential of the dissolved oxygen is a rela-
tively well defined function of temperature
and x given by Lindemer and Besmann [11],
and the diffusion equation is written for the
dissolved oxygen concentration defined as

Y = x. YY) The same approach could be
used for a more complicated system of
irradiated fuel with solid solution of FP
elements and oxygen in solid UO,. However,
in this case, in contrast to pure UO,,, there are
no enough experimental data and no
corresponding models for oxygen potential as a
function of 7, the dissolved oxygen
concentration, x, and concentrations of all
other FP elements. To overcome this problem
it is assumed that in solid solution there is local
chemical equilibrium described in the same
way as that for liquid solution:

Hz0,) =Mz T 2“0(c)a
Moo, () = MMoce) T 2“’0(0)’ (2)

— 3
140, (6) = Meace) + 72 Hoge)»

where i) is the chemical potential of the dis-
solved oxygen, chemical potentials depend on
concentrations which are functions of coordi-
nates and time. According to these assump-
tions, total local concentrations of oxygen and
FP elements can be written respectively
in the form

Yl(()x,tot) (7", t) — Yl(ox,f) (l", t) + Yl(ox,b) (V, t), (3)

IIl(ox’b)(r’ t) = zbi,()x)ll([ﬂ)(r’l)’ (4)
and
YO (r,t) =Y (r, )+ Y (1), (5)

where Y and ¥, are concentrations of
dissolved or «free» and «bonded» oxygen, re-
spectively, the sum in the second equation is
over all «virtual» oxides in solid solution with
the concentrations ¥;“”, ¥;%*™ is the concentra-
tion of the «metallic» form of element «I», and
b; o is the stoichiometric coefficient defining
the number of oxygen atoms in the molecule.
Concentrations of «virtual» oxides and, thus,
distribution of oxygen between «free» and
«bonded» states can be found from equations
of local chemical equilibrium (2).
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In accordance with decomposition represented
by Egs. (4), total diffusion flux of oxygen
consists of the «free» oxygen flux with the
coefficient D, and the fluxes of «bonded»
oxygen accompanying diffusion of each FP
element with the diffusion mobility specific for

this element. This is an additional model
assumption about synchronization or adopting
of the «bonded» oxygen motion to motion of
the corresponding FP element. Hence, the
diffusion equation for oxygen is of the form

i~i,ox

aifl(ox,tot) (l/', t)/at — DOXA}/l(ox,f) (l", t) + Z Db AYl(i) (]/', t) + an 5 (6)

where B,, is the rate of oxygen liberation due
to fission. In the case of external fuel oxida-
tion/reduction this term includes an additional
source/sink for oxygen.

It should be emphasized that the discussed
approach realized in Eqs. (3)—(6) can exist only
if there is a significant difference (in orders of
magnitude) between the diffusion coefficients
of oxygen and atoms of FP elements, namely
D;<<D,,, which, in general, provides rela-
tively well defined decomposition to the
«bonded» fraction rapidly adopting to slow FP
motion and the remaining, fast diffusing «free»
fraction. In particular, according to MFPR data
for 2000 K D,,/<D>~ 10°-10°, where <D> is
an average FP diffusion coefficient. Therefore,
instead of Eq. (6), asymptotics of this equation
at D,,/<D> — oo can be used, which is given by

VY (1) =0, 7

that has a simple and evident physical
meaning: in the time scale of (slow) FP
diffusion the concentration of free oxygen in
solid solution is independent of coordinates.

Note that Egs. (2) defining local equilibrium
are used only to find the «free» fraction of
oxygen. Due to condition (7) and some specific
peculiarities of the system this problem can be
additionally simplified. It can be analytically
shown that there are no need to solve Egs. (2)
for each spatial point (or each spatial mesh):
true relation between the oxygen fractions can
be found if solid solution is considered as a
homogeneous system (with the same number
of FP and O atoms as that in the initial, inho-

HO(C)

Moo

10

-1
e=a, 2 2 Mo M

rmay 2 Mot Hiage)

mogeneous system), and to solve Egs. (3) for
such system.

Conservation of the FP elements in the
gas/solid system is governed by the equation

NOANS=ND . @

where Nl(i), N> and N,? are the total number of
moles of the element «@» per grain in the
subsystems SS and SP/G, and in the full system,
respectively. This equation can be rewritten in
the differential form as

d () (@)
N =V
, 6D[o _,
F;b)=—d—bx”} G
gr r=dg, 2

where dp, is the grain diameter. Integration of
these equations yields changes in elemental
composition of the subsystem SP/G. Since, as
assumed, solid precipitates and the gas phase
are in chemical equilibrium, distribution of the
FP elements between chemical states within
the subsystem SP/G is a well-defined function
of the values N,”, temperature and the gas
phase volume, V.

In turn, knowledge of the chemical composi-
tion of the subsystem SP/G allows formulating
the conditions of the equilibrium at the inter-
face between the subsystems in the standard
form of equalities for chemical potentials:

=Mz
r:dgr/Z (1 O)

r:dgr/z B uLa(g)’
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Solution of Egs. (10) with respect to boundary
composition of the SS phase is given by

i -l G 1 (n,).
ROy = Ve SO NV ), (1)
where 7, 1s the total number of elements in the
system. These equations provide the boundary
conditions for the diffusion problem (1). To
simplify the problem and to decrease the
computation time, the current implementation
of the model uses the quasi-asymptotic
approximation based on the calculation of the
total equilibrium in the full «SS & SP & Gas
phase» system. That approach yields

i ~ 171 £ A7) ).
K( ) r=d, |2 = Vgr f( )(Nmt ""’Ntm‘ ’I/gas) ’ (12)
and thus, the approximate boundary conditions
are determined by total amount of elements in
the system and the temperature.

Thus, simultaneous solution of Egs. (1)—(5)
and (7)—(11) yields the space-time dependent

2.2. Transport of fission gas

The present version of the MFPR code includes
two macro-models for intragranular transport of
the fission product Xe: bi- and multi-modal
models. The most detailed approach to describe
the intragranular Xe gas-bubble system is the
multi-modal model, formulated in terms of the
distribution function for the bubble sizes.

In the bi-modal approach similar to that of the
VICTORIA and FASTGRASS codes, the
effects related to a finite width of the bubble
size distribution are ignored. The basic space-
time dependent variables are the volume
concentrations of gas atoms Cgand bubbles Cy,
the average number of gas atoms within a

distribution of the FP elements between
chemical states. Note, this distribution is calcu-
lated self-consistently with the external fuel
oxidation.

Due to interface equilibrium, the elemental
fluxes to the grain boundary, ng(”, can be
represented in terms of the fluxes of chemical
components of the «SP & Gas phase» subsys-
tem,

FY=Yb,FD+>b.FO, (13)
J J

Jit gas Jji* cond ?

where the stoichiometric coefficients b;; define
number of atoms of the type «i» participating
in formation of the molecule «j», the sums are
over the gaseous and condensed species,
respectively. The expression for the fluxes of
the FP-bearing gaseous species is used in the
problem of the following migration of the FP
elements in the form of gaseous compounds to
open porosity discussed below.

bubble N, , and the average bubble volume V.
Additionally, MFPR includes self-consistent
consideration of point (vacancies and
interstitials) and extended defects (vacancy
and dislocation loops, dislocation network),
which mutually interact with each other and
with gas bubbles and as-fabricated pores
during their evolution under irradiation or
annealing conditions. Details of such an ap-
proach will be presented in papers of this Col-
lection on pp. 47 and 58.

Transport equations for C, and concentration
of atoms-in-bubbles Y,= N,C, can be writ-
ten as

oC,
SE=DAC,~F, ,~F,, +xG. (14)
0Y,
a_tb:V(DbVYb)_O‘)bmgYb+Fg—>b_F;7—>d’ (15)
where
F, ., =k, FC>+k,(C,-C)C, -bGY,, (16)
kxy :47T(Dx+Dy)(Rx+Ry), x,y=g,b. (17)

11



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA

Tpyowr HEPAD PAH. Buinyck 5

Different terms in the right hand side of these
equations correspond to the following physical
effects, each being characterized by a particular
kinetic parameter:

e Diffusion (D, and D, are the diffusivities of
gas atoms and bubbles, respectively);

e Gas atom generation by fission (G is the
fission rate and k= 0.241 is the probability
of Xe formation by fission);

e Bubble biased migration (®;,,) along the
temperature gradient;

e Bubble nucleation (with the nucleation
rate F,);

e Gas atom capture by bubbles (R, is the gas-
atom radius and R} is the bubble radius in
the capture kernel k);

o Thermal re-solution (C.” is the equilibrium

gas concentration);
e Radiation induced re-solution (5 is the re-
solution probability factor).

Modelling of these effects as well as sweeping
of gas and bubbles by climbing dislocations
(Fyoq and Fj_,,) is described in papers of this
Collection on pp. 47 and 87. Superposition of

2.3. Intergranular FP transport

Since the GF bubbles are filled up by a multi-
component gas mixture including Xe and FP-
bearing molecules, total flux density of mole-
cules (number of molecules/sec/m”) from the
grain and the grain boundary takes the form of
sum over all types of gaseous species:

gas

F, = Z FL +FX, (19)

@) : .
where £, is the flux density of the i-th gase-

ous compound of a chemically active FP ele-
ments discussed in the previous Section, ngxe)

is the flux density of Xe. As has been explained
above, the chemically active FP elements are
partially trapped in the solid precipitates. This
part does not contribute the total gaseous flux
Fiot, that determines eventually the FP release to
the open porosity.

The intergranular FP transport is described in
terms of volume concentrations of the gas
components contained in the GF and GE
bubbles denoted by ¥” and Y,”, respectively.
Total volume concentration of gas molecules

12

these effects (along with the Van-der-Waals
equation for the gas state) determines, in par-
ticular, the intragranular bubbles concentration
Cyand mean radius R,, as well as gas release to
the grain faces.

In growing grains, the boundary conditions for
Egs. (3)—(5) are set at moving grain boundaries:

GCg 0
or | _, ’
Cg r=R,, (1) = C6’
ax
ar r=0
Y, r=R, (1) 0. (18)

Additionally, sweeping of intragranular
bubbles by moving grain boundaries takes
place. The MFPR model for the grain
growth with the retarding effect of attached
bubbles is presented in paper of this Collec-
tion on p. 109.

composing bubbles is defined as a sum over all
gas components:

Yx :ZYx(i)’

that is related to the corresponding bubble
concentrations by

Y, =C/N,,

x=f.e, (20

Y =CN,, (21)

where Ny and N, are the average numbers of
gas molecules in a GF and GE bubble,
respectively. The volume concentration of
bubbles C; can be represented in terms of the
grain volume V,,, and the factors determining
the grain geometry:

N, N_. N,
Cp=—t e, C =2, @)
&r gr

where the factors Nj, =7 and N, =12 are
respectively the numbers of faces and edges
per grain. The surface p; and volume C; con-
centrations of the GF bubbles are related by
Cr=3X/d,. Evolution of these concentrations
caused by the coalescence effects determines
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the factor Ny,. The bubble radii and volumes
are related by V;=4nf,R;’/3, i=f, e, where f;
are the shape factors accounting for non-
spherical form of intragranular bubbles.

The equations governing the chemically active
FP transport from the system of GF and GE
bubbles to the open porosity are formulated
basing on a percolation type approach close to
that developed by White and Tucker [12]. In
the case of grain face bubbles, the rate
equation takes the form

d . 1 .
EY;) Fo,, 0,=0(4-¢), ()

where 0(x) is the Heaviside step function, the
constant A" is set equal to 0.5 [13] and ¢ is the
projected area coverage of the grain face by the
GF bubbles given by

¢r=m (Rysind; )’py, (24)

ps being the surface concentration of GF bub-
bles (number of bubbles per unit surface area).
Note that the projected area coverage along with
the face bubble concentrations and radius
depends on time due to the coalescence effects.
The critical area coverage of the grain face
determines the onset of formation of the
interconnected channels from GF bubbles to the
grain edges, when the critical value is exceeded.

The rate equations for the concentration of a
gas component in the GE bubbles are
of the form

d (i) (i)

EYE =F (1-6,)6,. (25
where
Conclusions

Models of fission product accumulation, trans-
port and release from solid UO, fuel are pre-
sented. The model for transport of chemically
active fission product elements includes intra-
granular diffusion accompanied by formation
of separate solid phases at the grain boundaries
and gaseous compounds in the grain face
bubbles. The model for transport of noble
gases includes their intragranular diffusion

0, =06(L —2RNy,.), (26)
Legge 1s the average edge length, R. is the radius
of edge bubble, and Ny, is the number of edge
bubbles per a grain edge. Saturation of the
grain edge porosity takes place when these
bubbles are just touching each other, that is
2ReNppe = Legge [12]. This is the critical point
for formation of the long-range interconnection
of GE and GC bubbles to the open porosity.

Finally, the release rate of the i-th gas compo-
nent is determined by

d &) _ (@)

— X =F2(1-0,)(1-6,), @7)
where Y,,” is the concentration of the gas
component released from the fuel. The release
rate of the FP element «ie» can be represented

in terms of the stoichiometric coefficients by a
relationship'

oiif) Zb, ,E—X)E{S . (28

where Y, is the concentration of the FP
element «ie» released from the fuel. Total
number of the released atoms of the element

«ie» is given by Y “e) =y Y.

fuel * out

The MFPR code includes an improved model
for the transport of Xe atoms that self-
consistently takes into account the effects of
atom diffusion along the grain surface and ir-
radiation re-solution from intergranular bub-
bles presented in papers of this Collection on
pp. 17 and 25.

both in atomic form and within intragranular
bubbles, the interactions with point and ex-
tended crystal defects being taken into account.
The model for intergranular transport describes
formation of long-range interconnection of
intergranular porosity with the open porosity
and fission-product release from the fuel. The
considered models have been implemented in
the MFPR code.

13
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APPENDIX. Thermo-chemical equilibrium in the multi-phase system

The principal phases that appeared in the irradi-
ated UO, and are considered in the model are
the following:

o The fuel-FP oxide solid-solution that
includes, apart from UO, and dissolved
oxygen: caesium Cs(c), alkaline earth
metals Ba(c) and Sr(c) and their oxides
BaO(c), SrO(c), zirconium and niobium in
the forms Zr(c), ZrOy(c), Nb(c), NbO(c),
NbOy(c), rare earth elements La(c), Ce(c),
Eu(c), Nd(c), and their oxides LaOs»(¢),
CeO3(c), CeOx(c), EuOs(c), EuO(c),
NdOs3/,(c), metalloid Sb(s) and SbO3,(c¢),
noble metals Mo(s), Ru(s) and their oxides
MoO;(c), RuO,(c).

o  The metal phase composed of Mo(c) and Ru(c).

o The phase of complex ternary compounds
(grey phase) including molybdates, zircon-
ates and uranates of Ba, Sr and Cs in the
form: BaUQy(c), STUO4(c), Cs,UO4(c),
BaMoOy(c), StMo0O4(c), Cs:MoOy(c),
BaZrOs(c), SrZrOs(c) and Cs,ZrOs(c).

o The separate solid-phase of Csl(c).

o The gas phase with the main components:
Xe(g), Te(g), 1(g), Cs(g), Csl(g),
Cs:Mo00O4(g), MoOs(g), (MoO;)x(g),
(MOO3)3(g): RUO(g), RuOZ(g)’ RuO;(g),
Ba(g), Sr(g), ZrO(g), LaO(g), CeO(g),
NdO(g), NbO(g), O,(g). Total list of gases
includes 58 species.

Thermo-chemical equilibrium in the system
determines partitioning of elements between
allowed compounds, solid phases and the gas
phase. In the MFPR model, chemical equilib-
rium is treated in the framework of the equilib-
rium constant method based on the mass action
law and discussed, for instance, in [3, 5, 6, 14].
It is worth noting that following Ref. [15], ox-
ides of trivalent elements such as La, Nd, Ce
and Eu presented in the solid solution are here
interpreted as the MeO; s form rather than the
Me,O; form.

The equilibrium composition of the phases is
treated in terms of semi-ideal chemical model
in which phenomenological solid solubilities
of FP elements [16] are used, and the chemical
potential of dissolved oxygen is described by
the Lindemer — Besmann correlation [11].

A general approach to description of the
«UOy—FP—O» system used in the MFPR
model is formulated as follows [14].

14

The thermo-chemical equilibrium in the multi-
phase system with #, phases that consist of #
species composed of n, elements, is
considered. It is supposed that the system
includes all simple (mono-atomic) substances
and n, > n,. Each species is to be a component
of only one phase. Therefore, for atomic mo-
lybdenum, ruthenium and antimony two con-
densed states are considered, that is Mo(s) and
Mo(c), Ru(s) and Ru(c), Sb(s) and Sb(c),
which are the constituents of solid solution
(SS) and metal phase (MPh), respectively.

The reaction of formation of each species Si
from the «basic» components can be written as

Si:.z]biij’ i=1,...l’ls, (Al)
=

where b;; are the stoichiometric coefficients.

For equilibrium in the reactions of formation,
Eq. (A.1), the mass action law yields:

A= Kl.]n_e[(Aj ). @A
=

where 4; is the activity of the i-th species. For
the gaseous species A4; coincides with the
partial pressure in atm:

A=P. (A.3)

It is assumed that the partial pressures are
related to moles by the ideal gas law:
RT

l pOI/gas
where N, is the number of moles of the species
«i», T is the temperature in K, R is the univer-
sal gas constant, V, is the volume of the gas
phase, po = 1.01325-10° kg/(m-s*-atm).

In the case of condensed species, except
dissolved oxygen, the activity is given by

A4 =yX,, (A.5)

P =N

1

, (A4)

where y is the activity coefficient, )X; is the
mole fraction of the species «i» defined as

X, =N,/M”, MP=YN,, (A.6)
k

where M? is the sum of moles in the
condensed phase «p» that includes this species.

There are no reliable experimental data and
well established models for the activities of the
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majority of species in the considered system.
In the current MFPR model the activity
coefficients y are set equal to 1 for almost all
species. Exception is made for the following
low soluble elements: condensed cesium,
Cs(c), metals Mo, Ru and Sb, and alkaline
earth elements Ba and Sr. The noble metals are
known to be practically immiscible with UQO,.
On the other hand, in the presence of the
metallic phase the activity coefficients of these
species in the phase SS can be estimated as an
inverse maximal solid solubility. Therefore, in
accordance with estimates presented in [16] the
activity coefficients for Mo(s) and MoO,(c) are
estimated as 10°. The same values of the
activity coefficients are ascribed to the pairs
Ru(s) and RuO,(c), Sb(s) and SbOs;(c). In
analogy to metals and basing on data for
maximal solid solubilities [16], the activity
coefficient of Cs(c) is set equal to 10°, for
barium (and BaO(c)) y = 10, and for strontium
(and SrO(c)) y = 10%.

Additionally, the activity coefficient for the
cesium molybdate is y(Cs;MoOy) = 10
Although enhancing of the cesium molybdate
activity cannot yet be well grounded by
theoretical or experimental arguments, the
reasons for such setting follow from the results
of modelling of integral tests with a wide range
of physical conditions including temperature
regimes and oxidation/reduction environment.

In the MFPR chemistry model, the stoichiome-
try deviation x in UO,., is interpreted as a
«mole fraction» (negative for hypostoichiome-
try) of the oxygen dissolved in the matrix,
while the number of ‘moles’ of the dissolved
oxygen is related to the stoichiometric devia-
tion by

Noy = XNy, - (A.7)
In the equilibrium state, the partial pressure of
the gaseous-molecular oxygen is related to the

stoichiometry deviation by the equation

P, =P, (x,T), (A.8)

while the activity of the dissolved oxygen is

defined as
Aoy =P, (x,T).  (A9)

The function 1502 (x,T)is described in litera-

ture in detail. In the current version of the
MFPR module, the well-known correlation
proposed by Lindemer and Besmann
[11] is used.

The equilibrium constant K; in the mass action
equation (A.2) is related to the Gibbs free en-
ergy of formation of the species «i» by

K, =exp(-A,G/ [RT) . (A.10)
AfGl.O:Gl.O—ibl.jG;’ , (A1)
Jj=1

where G, is the chemical potential or the Gibbs
free energy per mole of pure species in the
standard state.

The equilibrium state of the considered system
is determined by the solution of the mass ac-
tion equations which satisfy the mass balance
constraints given by

tot __ -
E _ZNj b,. (A.12)
=
and obeyed the additional condition
N;>0. (A.13)

Here, E* is the total number of moles of the
element «i» in the system, b; are stoichiometry
coefficients introduced in Eq.(A.2). As
mentioned above, the condition, Eq. (A.13), is
allowed to be violated only for oxygen
dissolved in the matrix because the oxygen
‘moles’ defined by Eq. (A.7) can be negative
in the case of hypostoichiometry.

15
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Model for Grain-Face Diffusion Transport in UO, Fuel
Part 1. Model Formulation

M.S. Veshchunov, A.V. Berdyshev

Introduction

In the majority of currently existing models
for fission-product (FP) release from UO,
fuel, it is assumed that during steady-state
reactor operation the grain boundary bubbles
increase in size until they touch allowing FP
release to the open porosity [1-4]. The grain
boundary bubbles appear to be relatively
immobile, particularly at temperatures below
about 1900 K [5], and it is usually assumed
that gas release occurs only on interlinking.
The time for the «grain-face porosity satura-
tion» to occur corresponds to an incubation
time period of bubble growth [2]. It is gener-
ally accepted now that the grain-face porosity
saturates at the fractional coverage of the

grain boundaries occupied by bubbles = 50 %,

and commencement of gas release from grain
faces to edges (and further through the edge
tunnels outside the grain) is usually associated
with the formation of the open porosity net-
work at this coverage [1-4].

However, in tests [6, 7] this conclusion was
not confirmed. In these tests the 3 and 4 BWR
cycle specimens with = 2.4 and 2.9 % burnup,
respectively, were taken from the outer pellet
region (between rim and middle), and the
fractional coverage of grain faces by bubbles
was evaluated from SEM photographs as
~6 and 10% [7], respectively, see Fig. 1,
panels a and b.

Fig. 1. Scanning electron micrographs of fuel fracture surface from Ref. [6]:
(a) 2 cycle as-irradiated specimen, (b) 4 cycle as-irradiated specimen
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Fig. 1. Scanning electron micrographs of fuel fracture surface from Ref. [6]:
(c) 4 cycle specimen heated up to 1800 °C, (d) 2 cycle specimen annealed 5 h at 1800 °C

Despite such low values of the grain-face cover- below the saturation value ~ 50 % and without
age, significant fractional fission gas release (up visible bubble interlinking on the grain faces.
to 20-30 %) during their base irradiation was The irradiation temperature at the location of the
measured by pin puncture tests from these speci- specimens was not directly measured, but might
mens, Fig. 2. Therefore, a noticeable gas release be evaluated as ~ 1100-1300 °C from the maxi-
from these fuel samples occurred at coverage far mum linear heat generation rates (see below).
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On the other hand, a significant burst release
observed in these tests during post-irradiation

annealing at 1600-1800 °C was invariably as-
sociated in [6, 7] with the coverage of about
40-50 % attained under various burnups and
heating conditions, Fig. 1, panels ¢ and d.
Hence, interlinking of grain-face bubbles at the

threshold value of the coverage ~ 50 % con-
sidered in the models [1-4] might be responsi-
ble for the secondary burst release observed in
the annealing stage of the tests [6, 7].

Therefore, from these tests it can be generally
concluded that at low irradiation temperatures
(£ 1250 °C) the formation of the open porosity
network can be significantly delayed, but this
does not prevent an earlier commencement of
gas release. To explain this effect one should
additionally consider an input in the total gas
release of the diffusion transport of gas atoms
along grain faces in presence of grain
boundary traps (bubbles). This diffusion trans-
port becomes dominant in the lack of interlink-
ing of grain-face bubbles. Usually the diffusion
process is considered only in evaluation of the
grain-face bubble size [8—11] and/or estimation
of the incubation period for saturation cover-
age [1, 2], since it is assumed that practically
all gas diffused from grains to grain boundaries
is collected by the growing grain-face bubbles
and only a negligible part is transported to
grain edges (before interlinking of grain bub-
bles). This assumption was seemingly sup-
ported by the theoretical analysis [11] that
shown that the sink strength of the grain-face
periphery (edges) becomes (after some initial
time interval) negligibly small in comparison
with the total sink strength of the growing
grain-face bubbles. A similar conclusion was
later derived in [12].

However, these results can be strongly violated
if one additionally takes into account resolu-
tion of gas atoms from face bubbles back to the
grain matrix (not considered in [11]), that may
essentially redistribute the diffusion flux from
grains among different sinks on grain faces.

Indeed, as shown in [13] re-dissolved atoms
are knocked some distance 3 into the grain
from the grain boundary, whence they may
proceed to diffuse again. The built-up concen-
tration barrier ¢; of the re-solution layer re-
duces the diffusion flux from the grain @4y on
the one hand, and determines the net flux of
atoms deposited on the grain boundary

®; ~ Dc; /6, on the other hand [13]. This flux
®; should counterbalance the resolution flux
back into the grain ®,., and, in accordance
with the flux matches @, + @, = D5 (see
below), may essentially exceed the «source
term» from the grain ®;. Namely this flux
®; should be redistributed among various
grain-face sinks (bubbles and edges) rather
than the source term flux @ ;.

Neglecting such an effect in Ref. [11] resulted
in underestimation of the grain boundary
diffusion flux to edges. On the other hand, gas
atom resolution from grain faces was taken
into account in some other papers (e. g., see
[1, 8, 13]), however the grain-face diffusion
transport to edges was not included in consid-
eration. The simultaneous consideration of
various processes on grain-faces (atom diffu-
sion, trapping by and resolution from the grain
boundary bubbles) was proposed for the first
time in [14] in order to reconcile various ap-
proaches. However, some simplifications of
the model adopted for numerical analysis of
coupled equations for intra- and inter-granular
transport apparently prevented the author [14]
from important conclusions concerning essen-
tial role of atomic grain-face transport to edges
in the course of face bubbles growth. For this
reason, in the subsequent paper [12] the author
concluded that the contribution of grain
boundary diffusion to fission gas release on the
pellet scale is strongly inhibited as soon as the
aerial coverage of the grain boundary traps is
about 1%, and consequently a simplified or
alternative model for the inter-granular
behavior of fission products (FP) was further
developed.

In papers [15,16] an essential role of the
grain-face diffusion transport in the gas re-
lease mechanism was highlighted, in order to
explain the above mentioned [6, 7] and some
other observations. For this purpose a
completely  self-consistent scheme  for
analysis of diffusion and resolution processes
in the grain and grain faces was considered. In
particular, it was shown that «circulation» of
gas atoms collected by growing intergranular
bubbles from the grain face and then returned
back (by the resolution process) into the grain
matrix, made bubbles much less effective
sinks for gas atoms in the course of their
growth saturation (i.e. approaching a balance
among absorbed and re-emitted atoms) and

19



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA

Tpyowr HEPAD PAH. Buinyck 5

thus continuously increased a fraction of the
source term flux from grain bulk eventually
transported to edges. Specifically, this leads to
a natural conclusion that in the limiting case of
the complete balance between absorbed and re-

1. Model description

1.1. Extra-granular porosity geometry

From geometrical point of view, the UO, grains
can be considered as truncated octahedrons or
tetrakaidecahedrons (TDK) [1]. The TDK has
14 faces, six of which are square and eight
hexagonal, 36 edges and 24 corners. When
packed together an array of TDKs can fill all
available space in a solid and thus represents an
appropriate basic building block. The meeting
point of each grain face is shared by two grains,
each grain edge — by three grains, and each
grain corner — by four grains. Hence, on
average each grain has Ny, =7 faces,
Neper = 12 edges and N, = 6 corners.

Three intergranular bubble types are consid-

ered in MFPR:

1) the grain face bubbles uniformly covering
the bubble faces with the surface concentra-
tion py;

2) the edge bubbles located at grain edges (one
bubble per edge), and

3) the corner bubbles located at the grain cor-
ners (one bubble per corner).

Generally, the bubbles are of non-spherical

shape with volume V calculated by multiplica-

tion of the volume of a sphere with the same
curvature radius by a correction factor f, which

depends on the semidihedral angle 0:

v, =§nR§ﬁ(6i), (1)

fe:i n—2arcsin| ———
2m 21—k

The FP release to open porosity is associated
with formation of the interconnected channels
at grain-face periphery when the growing edge
and corner bubbles begin touching each other.

20

+%2«/3—4k3 —ke(3—kf)arccos ke

emitted atoms and cessation of the face bubble
growth (before their interlinking), 100 % of the
source term flux will be transported to grain
edges via grain-face diffusion process.

where R; i1s the bubble curvature radius,
subscript i specifying bubble type.

The curvature radii for all bubble types are cal-
culated assuming their equilibration:

2
(R—y+pthbfb (e):kaBT' ()
b

Grain face lenticular bubbles are formed by
intersection of two spherical surfaces of radius
Rs and hence have a circular projection. The
projected circular radius is RgsinO, the
correction factor for the volume is [17]

3 1
ff(e)ZI—Ekf+Ek;, (3)

where kf =Cos Bf =c0s50° =~ 0.64 .

Following model [17], the edge bubbles were
considered as cigar-shaped formed by intersec-
tion of three spherical surfaces. The length of
an edge bubble is connected with its radius of
curvature by the relationship

2
I =2R 1_4/3@ , 4)

where k, = 1/2. The volume correction factor is
calculated as

~0.16. (5

,/3(1—kj)

The corner bubbles with the shape constructed
by intersection of four spherical surfaces [17],
with a reasonable accuracy can be considered
as spherical ones.
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1.2. The mean field model for gas atoms in the grain face

The model considers the evolution of gas atom
concentration at the grain faces in the frame-
work of the mean field approximation taking
into account irradiation induced resolution of
the gas atoms from grain face and edge bub-
bles, which returns a part of the atoms ab-
sorbed by these bubbles back into the grain
matrix. Under steady state conditions the total

gas atom flux @; per one grain (the number of

gas atoms per one grain transported to the in-
tergranular space per second) is a sum of diffu-
sion and irradiation induced resolution fluxes,

q)dif and q)res :
Q=D + D (6)

As shown in [13] re-dissolved atoms are
knocked some distance o into the grain from
the grain boundary, whence they may proceed
to diffuse again. This process results in a built-

up concentration barrier ¢; of the resolution
layer, which can be estimated from relation

O, ~D,c; /6. (7)

Therefore, the concentration cs turns out as a
natural boundary condition at the resolution
layer boundary o, as recommended by
Turnbull [8] instead of zero boundary
condition in the simplified model with no
resolution effect taken into account.

The resolution flux is calculated as
O ,=0Y +0) +0.7, ®)

where Y;, . are the total numbers of gas at-
oms per one grain within face, edge or cor-
ner bubbles and o;.. are the kinetic pa-
rameters of irradiation induced resolution.
Namely the flux ®@; should be redistributed
among various grain-face sinks (bubbles and
edges) rather than the source term flux ®g;; .

These considerations imply that the gas atoms
knocked out from the bubbles are homogene-
ously redistributed in vicinity of the grain
boundary due to diffusion in the lateral direc-
tions, and then are deposited on the grain
boundary contributing to the total intragranular

gas transport. The characteristic time T for

the diffusion homogenization of gas atom con-
centration in the lateral direction can be esti-

mated as R’ / D,, where R, is the mean inter-

bubble distance and Dg is the gas atom diffu-

sion coefficient. Using typical value for
D, ~ 10"°-10"° cm*/s under irradiation with

fission rate G~ 10" cm™s! at 1000-1300 K
and R = 0.1 um, one obtains T ~10°-10°s,

i. e. the diffusion flux from the grain to the
grain faces can be considered as uniform (in
the lateral direction) after a relatively short
initial interval of steady irradiation. Therefore,
the mean field approach seems to be well-
grounded for the grain-face bubbles that almost
uniformly cover the grain faces due to their
large number (10°-10° per face).

However, the approach is doubtful
considering the edge and corner bubbles
located at the periphery of the grain face.
Indeed, after delivery of the (uniform) dif-
fusion flux to the grain face, a part of this
flux is absorbed by the face bubbles,
whereas a remaining part diffuses along the
surface concentration gradient and sinks
into the grain face periphery, i.e., is ab-
sorbed by the edge and corner bubbles.
Therefore, only a part of atoms knocked out
from the face bubbles eventually return
back to these bubbles. This redistribution
effect is properly described by the MFPR
model. On the other hand, majority of atoms
knocked out from the peripheral bubbles
eventually return back to these bubbles
since being deposited on the grain-face in
the vicinity of the grain face periphery, they
continue to move along the concentration
gradient (directed to the grain-face periph-
ery) sinking again into the edge without
losses to the face bubbles. Therefore, one
suggests that the gas atoms knocked out
from the peripheral bubbles due to colli-
sions with the fission fragments tend to re-
turn back to the bubbles rather than to con-
tribute to the mean field concentration. This
implies that in the mean field approach the
irradiation induced resolution from the pe-
riphery bubbles should be essentially sup-
pressed by an additional factor introduced
in the subsequent paper of this Collection
on p. 25.
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1.3. Coverage factors

The part ®Y“7of the above introduced flux

@, which is directly captured by the face,

edge or corner bubbles, is calculated as
CDS(pf,e,C , Where

(Pf’eac = Sf,e,cpf,e,c > (9)

where S;.. and p frec AT the area of the bubble
projection on the grain surface and the bubble
surface density, respectively.

For the grain face bubble the area is calcu-

2
lated as Sf = n(sin efRf) . The surface den-

sity of these bubbles was measured in several

1.4. Sink strengths

Owing to an extremely high ratio of the gas
atom diffusion coefficients on grain faces Dy
and in the grain matrix D,, which is usually
believed to be of the same order of magnitude
as that for the uranium self-diffusion coeffi-
cients, Dy /Dy ~ 10° [20], one can apply results
of the steady-state consideration of the grain-
face diffusion problem [11] to calculate the
face bubbles and edges sink strengths in the
mean field approximation:

8(1_‘9/’)
~(1-9,)(3-9,)-2Ino,

- I (kR )
(kRie) =2k, Ry, —Iz(kfRface)’ (12)

where R, . =dg,,/4/prg :dgr/\/ﬁ is the

effective radius of the grain face, R; is the ra-
dius of a concentric sink-free region which
surrounds each face bubble in the plane of the

(k,R, )2 = ,(11)

22

independent tests (e.g., [7, 18, 19]) and turned
out to vary in the range 10''-10" m™.

The analysis of the available data demonstrates
that p, can be fairly well approximated in a

wide temperature interval 800—1900 °C by the
formula

p, =min{p,exp(7,/T),Py }» (10)
where ppa, = 10° m?, py=3.67-10° m~,

Ty =13140 K.

Simplified evaluation of projection area for
edge and corner bubbles will be presented in the
subsequent paper of this Collection on p. 25.

grain boundary, @, = (Rface / RS) is the grain-
face coverage.

The values k; and k: determine the rela-
tive sinks of the surface diffusion flux: a

part k; / (k; +k62) of the flux sinks to the

face bubbles (and then is partially ejected back
into the grain), while the reminder

k’ / (ki + kez) sinks to the edges.

Note, that it follows from Eq.(11) that
kR >1, provided ¢, >0.01. Taking into

account that R, >>R_ this implies that
kR
1, (x)/]2 (x) — 1, for the large x values one

deduces that k,/k, ~ |2/k R <<l. It is

just that strong inequality that prevented au-
thors of papers [11, 12] from conclusion con-
cerning the important role of the atomic grain-
face transport to edges in the course of grain-
face bubble growth.

> 1. Therefore, taking into account that

face
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1.5. Transport equations

Equations for number of gas atoms in face and edge bubbles, Yrand Y. , per one grain take the form

d ky
EYf :(pf(DS+(1_(pf_(Pe_(pc)(D5m_(’onfa
2
Ly —gd,+n (1-0, -9, -9, )0, ——~—-0,Y, (13)
dt e e e e C k;+k62 e e
d 2

dt

where relative parts 77, and 7. of the total flux
out of grain face to edge and corner bubbles,
respectively, for simplicity are assumed to be
equal to the relative numbers of corresponding
bubbles on an edge: 7, = Nye/(Njpe + 1) and
ne = 1 — 1. (where N, is the number of edge
bubbles per edge).

The first terms in the r.h.s. of the equations
describe the part of the total gas flux that is
directly captured by the bubbles. The second
terms describe the diffusion transport along the
grain faces, redistributed in accordance to the

1.6. Preliminary validation

Preliminary validation of the model after its
implementation in the MFPR code against
various tests [6,7,18,21] confirmed that a
noticeable gas release from these fuel samples
might occur at coverage 6—10 %, i. e. far below

1.7. Discussion of tests with MOX fuel

In the MOX MIMAS AUC fuel irradiated in
PWR rods (where the centre-line temperatures
as calculated lie in the range from 1000 to
1200 °C) there is no evidence of inter-granular
bubbles [22]. In order to explain high release
values and decrease of the gas content in the
U-rich matrix measured in the central part of
the pellet, assumption is made in [22] that in
MOX fuel, there is a strong enhancement of
the kinetic of xenon migration in the grain
boundaries. This assumption is based on the
experiments on interdiffusion of PuO, in UO,
[23] which show that the cation diffusion
coefficients in grain boundary is much higher

—Y. =¢.D; +nc(l_(Pf _(Pe_q)v)q)ﬁ

—"_0\)‘)70,
ki+k;
sink strengths. The third terms describe the

loss of the gas atoms due to irradiation induced
resolution.

The system Eq. (13) describes evolution of extra-
granular porosity up to the moment when corre-
sponding saturation conditions are attained. The
grain-face saturation by fission gas is supposed to
be attained when the projected area coverage of

the grain face by bubbles ¢, exceeds the critical

value (pj,rit =0.5.

the saturation value =~ 50 % and without visible
bubble interlinking on the grain faces, see [15,
16]. More detailed validation of the further
developed model will be presented in the sub-
sequent paper of this Collection on p. 25.

(about 2 orders of magnitude) in the presence
of Pu. As xenon diffusion is related to cation
diffusion, it was assumed a similar evolution of
the Xe diffusion coefficients.

For modelling of the MOX fuel irradiated in
PWR rods in which there is no evidence of in-
ter-granular bubbles despite fission gas release
is relatively high, the new model for gas trans-
port on grain boundaries becomes especially
important. This model allows explanation of gas
release without interconnection of bubbles (as
observed in the above described tests with UO,
fuel [6, 7]), and thus, after certain modifications
can be applied to the MOX fuel.
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Conclusions

The advanced model for the grain-face trans-
port of gas atoms self-consistently takes into
account the effects of atom diffusion along the
grain surface and irradiation-induced re-
solution from intergranular bubbles. It is
shown that «circulation» of gas atoms col-
lected by growing intergranular bubbles from
the grain face and then returned back (by the
re-solution process) into the grain matrix,
makes intergranular bubbles much less effec-
tive sinks for gas atoms, since it decreases their

growth (i.e. approaching a balance among ab-
sorbed and re-emitted atoms) and thus con-
tinuously increases a fraction of the source
term flux (i.e. diffusion flux from grain to
grain faces) eventually transported to grain
edges. In particular, this allows prediction of a
noticeable gas release from fuel when the
grain-face coverage is far below the saturation
value = 50 % determining onset of grain-face-
bubble interlinking.
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Model for Grain-Face Diffusion Transport in UO, Fuel
Part 2. Model Improvement and Validation

V.1 Tarasov, M.S. Veshchunov

Introduction

An advanced model for the grain-face transport
of gas atoms has been suggested in paper of
this Collection (see p. 17) that self-consistently
takes into account the effects of atom diffusion
along the grain surface and irradiation-induced
re-solution from intergranular bubbles. It is
shown that «circulation» of gas atoms
collected by growing intergranular bubbles
from the grain face and then returned back (by
the re-solution process) into the grain matrix
makes intergranular bubbles much less
effective sinks for gas atoms and thus
increases a fraction of the diffusion flux from
the grain directly transported to the grain
edges. In particular, this mechanism allowed
explanation of the observed in the experiment
[1, 2] a noticeable gas release from fuel even
when the grain-face coverage is far below the

1. Model description

1.1. Extra-granular porosity geometry

From geometrical point of view, the UO, grain
can be considered the tetrakaidecahedron, the
number of faces, edges and corners per one
grain being 7, 12 and 6. The volume V of the
tetrakaidecahedron is calculated as

V =82L,,. ()

where Leqe 1s the grain edge length. For
simplicity, the fuel grains are assumed to be of
spherical form. So, equating the sphere volume
with the value given by Eq. (1) one derives that

Y
Ledge =3 Ma’g” = Bedgr ~ O359dg” ’ (2)

saturation value ¢@~50%, which was
associated in the standard approaches with the
grain-face-bubble interlinkage and the onset of
fission product release [3-6].

Further development of the model is described
in this paper that relates to revision of the
intergranular bubble nomenclature, their shape,
sizes and concentration, more detailed
consideration of the applicability of the mean
field approach for the «circulated» gas atoms
and improvement of the model for the
irradiation induced re-solution of gas atoms
from the bubbles. The modified model has
been implemented into the MFPR code [7] and
fitted to experimental data [1, 2]. The results of
the model validation are also given in the
article.

where d,, is the grain diameter, so the typical
value for Legge 18 3-4 pm.

In the original model paper of this Collection
(see p. 17) there are three types of intergranular
bubbles: grain face, edge and corner ones. The
corner bubbles are considered as the spherical
ones. The grain face bubbles are considered of
the lenticular shape formed by intersection of
two spherical surfaces of radius Rf, the semi-
dihedral angle Of'is supposed to be equal to 50°.
The edge bubbles are considered as cigar-
shaped formed by intersection of three spherical
surfaces. The length /e and the volume Ve of
an edge bubble is connected with its radius of
curvature by the relationship [8]
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2
[,=2R, 1—4k@ , 3)
3
; . 1 k’ > > k
V,=2R’| n—2arcsin| ——— [+ —=4/3 -4k, —ke(3—ke)arccos —_— ], 4)

2J1-k2 ) 3

J3(1-42)

where k, =cos0, =1/2. If to approximate the shape of the edge bubble by a cylinder with

length /, and diameter d, then equating the volumes, one easily evaluates that

L:F(l
d, \2/,

Ak;

3/2
] ~ 2.3, %)

indicating that the longitudinal and transversal bubble sizes are of the same order of magnitude.

The FP release to open porosity is associated
with formation of the interconnected channels at
grain face periphery when the growing edge and
corner bubbles begin touching each other. Under
simplifying assumption that there are one grain
edge bubble and one comer bubble per each
edge, the formation of the channels commences
when R,~R.~Legee/2. In view of estimates,
Egs. (2) and (5), this means that the commence-
ment of the FP release is possible if the sizes of
the edge and corner bubbles are ~1 pm.

However this conclusion is not confirmed by
the experiment [1,2], which demonstrates
much less bubble sizes (e.g., see Fig. 1 from
paper on p. 17). So, the only way to eliminate
this discrepancy is to suppose that there is
much more than one bubble per each grain
edge. In this connection, the complicated

1.2. Mode for irradiation induced resolution

1.2.1. Track length

According to the Nelson’s model [9] the resolu-
tion rate does not depend on the size of small
(van der Waals) bubbles. For larger spherical
bubbles only a fraction of gas atoms within a

1
(Dz?ls(m (Rb) — Gbo {

where G is the fission rate, by =2-10" cm’

is the resolution constant. Supposing that the
minimal energy that a struck gas atom must
receive to be trapped by surrounding lattice
is 300 eV, the value of & can be estimated
as 1.0-1.5 nm [9]. In the VICTORIA [6] and

26

3y(l—y+y2/3) for

modelling of the edge bubbles shape seems to
be unjustified taking into account the target
model accuracy, so it is natural to simplify the
consideration suggesting that the shape of the
edge bubbles is the spherical one (that is the
same as for the corner bubbles). At last, it is
natural to suppose that edge and corner
bubbles capture the diffusion flux in
proportionally to their sizes. This implies that
the sizes of both types of the bubbles are
comparable to each other and therefore, will be
further considered as indistinguishable.
Therefore, in the modified model of
intergranular transport the peripheral porosity
is represented only by spherical edge bubbles,
their number per edge being the MFPR free
parameter.

critical distance from the bubble surface 8 may
escape. Therefore the resolution Kkinetic
parameter is calculated as

for  y=08/R =1,

6
y=08/R, <], (©)

FASTGRASS [10] codes the modified model
was implemented that introduced, instead
of 9, the average distance A which an ejected
atom travels in the bubble. So for the spherical
bubbles one gets
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1
o, (R,)=Gb, {

As seen both formulas coincide for small bub-
bles; whereas for large bubbles they coincide
asymptotically, provided A =4 8, in a reason-
able agreement with the VICTORIA’s value
A =5 nm.

However these parameters cannot be
considered as universal ones applicable to all
bubbles. Indeed, the energy loss of the struck
atom is determined by the number of collisions
it has before it escapes the bubble. Therefore,
the track length increases with the increase of
inter-atomic distance within the bubble, which,
in turn, increases with the bubble size. The
universal scaling of the track length is deter-
mined by the formula

r=1/no, (8)

where n is the (number) density of the media
and o is the effective cross-section of the col-
lisions. The above mentioned parameter A
(hereafter referred to as A,,) was introduced
in Ref. 9 for the small van der Waals bubbles
for which n = l/ By , where B, is the van der

Waals constant for xenon. Therefore, one
evaluates o value as Bx./ A.gw and derives an
approximate relation between the basic scale
parameters of the model:

1.2.2. Resolution from non-spherical bubbles

The above Egs. (6) and (7) were derived for
spherical bubbles, for which the shapes corre-
spond to the minimal surface area at fixed
bubble volume and therefore to the minimal
resolution intensity. For lenticular bubbles the

%2(3—22)

for z=MA/2R, 21,

(7)
for z=A/2R, <.

}\‘vdW _ }\’vdWI/b

= , 9
nBXe BXer ( )

where A,z can be considered as a model free
parameter (Nelson's estimate is ~5nm), V;, and
N,, are the bubble volume and number of atoms
in the bubble. The rhs of Eq. (9) can be written
in form V,/Nyo, which does not explicitly re-
fer to properties of van der Waals bub-
bles, o being considered as the fitting pa-
rameter. However we prefer to deal with the
form Eq. (9), which deals with more tangible
variables.

In particular for the large grain face bubbles
obeying the ideal gas law with the equilibrium

pressure p =2y/R,, where y is the surface
tension, Eq. (9) reduces to
kTR,

A=A .
vdW 2'YBXe

(10)

For instance, in the case of R,= 10" m and
T=1200K one gets A #40nm, that is 8 times
greater than for the van der Waals bubbles.
Also, it is seen from this equation that for the
large bubbles the ratio A/R, depends on tem-
perature only.

relative bubble volume, from which atoms can
escape, increases owing to the bubble specific
geometry, therefore resolution kinetic coeffi-
cient should be modified. For large bubbles

(R, >> L) Eq. (7) can be rewritten in the form

S, A

@, (R)=Gb, o =Gh, 20

v, 4

so, that taking into account the well-known equations for the volume ¥, and surface S, of a lenticular bubble:

Vh:4—n 1-2 050 +~cos’ 6 R,f:4—n(1—c0s6) 1-L cos0-Lcos?0 R,
3 2 2 3 2 2

S, =4nR; (1-cos),

where 0 is semi-dihedral angle, one derives that
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3.G b,

O)spherica/ ( R )
b

=— . (11)

(’orsi(Rb): 1 1 5 1 5
4R, l—gcose—gcos 0 l—gcose—icos 0

It is seen from Eq. (11) that the angle factor is
always greater than 1. In particular, for the face
bubbles with 6 = 50° consideration of the bub-
ble shape correction results in increase of the

resolution intensity by a factor of 2.1 compar-
ing with the spherical bubble with the same

curvature radius R, .

1.2.3. Restrictions for applicability of the mean field approach

As explained in the paper on p. 17, the atoms
knocked out from the edge bubbles due to
collisions with the fission fragments move in
the strong concentration gradient in the vicin-
ity of the grain face periphery. Therefore, in
contrast to the grain face bubbles, the gas at-
oms knocked out from the edge bubbles tend
to return back to the bubbles rather than to
contribute to the mean field concentration. As

Gb,o,

(‘Ores (Rb) =

where the track length is given by Eq. (9).

1.3. Coverage factors

The coverage factors, ¢, and ¢@,, for the

face and edge bubbles are defined as

(pf,e:Sf,epf,e’ (13)

where S;. and p 1. are the area of the bubble

projection on the grain surface and the bubble
surface density, respectively. The coverage
factor for the grain face bubbles is straightfor-
wardly calculated, see paper on p. 17. To esti-
mate S, one takes into account that each edge
bubble is shared by three grains. Therefore, the
bubble projection within one grain has the
shape of ellipse with the semi-major and semi-

minor axes R, and ﬁRe / 2, respectively, so
that the projection area is evaluated as

S, ~(V3/2)R> ~0.8667R’ . (14)

As for the surface density of the edge bubbles,
lacking detailed systematic data it is assumed
that the mean distance Lee between the edge

28

}\‘2
—(3— 4R2j for A<2R,,

1 1
1——cosO——cos’ 0
( ! coso-! )4R,,

a result, this reverse flux essentially compen-
sates the irradiation induced resolution flux.
To simulate this effect, the irradiation induced
resolution from the edge bubbles is supposed
to be partially suppressed. The new fitting
parameter — suppression factor, o, is intro-
duced so the expression for the irradiation
induced resolution kinetic parameter is modi-
fied as

for L>2R,,

I8 (12)

b

bubble is proportional to the mean distance
between face bubbles:

Lee = 2C.>eRs 2 (15)

-1/2
where R, =(7‘Epf) is the radius of sink-

free region and (, is the MFPR free parame-

ter. Therefore, the surface density p, of the
edge bubbles can be calculated as

1/2
B 3N oL e ~ 18Be(npf)

" 2C Rmd? nC,d

e gr

Pe

B

where the coefficient B,~0.359 was intro-
duced in Eq. (2).

So, the formulas for the coverage factors of
grain face and edge bubbles take the form:

Gy =7Py (Rf sin @, )2 )

18 37[ 1/2R2 1/2R2
¢, = V3P R ~902% 2 (6)
Cedgr egr
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1.4. Transport equations

Time evolution of concentrations of gas atoms
in face, edge and corner bubbles, ¥;, ¥, and Y,
is described by a system of differential equa-
tions given in paper on p. 17. In accordance
with the above described modifications, it can
be represented in the following form:
%Yf =-a,0,Y, +a,0Y +a,d,,

17)

d
_tYe = afconf -a,0,Y, +af<I)dl.f,

where

¢.k; +(1_(Pf)ke2

afE 2 2 ’
k;+k,

4 :(1—@8)kj+cpfkj

< K+ k2 ’
f e

2. Model validation

2.1. Tests of Kashibe and Une

There are several experimental works where
microscopic behaviour of intergranular bubbles
was observed directly [1, 11]. As above men-
tioned, in [1] the specimens were taken from
UO, pellets irradiated in commercial BWR
(burn-up: 6~28 GWd/t) at a point between the
fuel rim and middle. Grain face bubble concen-
tration and fractional coverage were examined
by scanning electron microscope fractography.
The grain sizes of the fuel and irradiation rate
were approximately equal to 9um and 1.8-
10”m™s™, correspondingly. In the lack of
temperature measurements in these tests, one
can evaluate the irradiation temperature at the
location of the specimens as ~ 1500 K basing
on the correlation between the linear heat gen-
eration rate (between 300 and 370 W/cm) and
fuel temperature profiles [12].

As above explained, the new model has three
unknown dimensionless parameters: the factor
o, for resolution suppression from edge bub-

®,; being the source term (number of atoms
diffused from the grains during a second per
unit volume); note the condition as+a. = 1.

The system Eq.(17) describes evolution of
extra-granular porosity up to the moment when
corresponding saturation conditions are at-
tained. The grain-face saturation by fission gas
is supposed to be attained when the projected

area coverage of the grain face by bubbles @,

exceeds the critical value @f"=0.5. The

grain edge porosity saturation takes place when
these bubbles are just touching each other;
with Eq. (15) taken into account this is equiva-
lent to condition

R=CR =C(np,) . (¥

bles, Eq. (12), the track length A,z , Eq. (9),
and the ratio . of the average distance be-
tween edge bubbles to that between face bub-
bles, Eq. (15). Variation of these parameters
has revealed that A,; had a weak effect on the
model predictions so it was fixed at the value
of 5nm, which is the center of the interval
4-6 nm followed from the Nelson's estimate
(see subsection 1.2.1). Other parameters were
chosen to provide the correct commencement
of Xe fractional release in Zimmerman's test
(see below, subsection 2.3) and bubble size to
the end of the irradiation cycle 4 in the test of
Une and Kashibe (burn-up: 28 GWd/t). The
found values are {, = 0.1, 5, =0.2.

In Table1 the calculated grain-face bubble
characteristics: the coverage factor ¢, the Xe
fractional release fx., the surface concentration
of the grain-face bubbles p;, and the mean di-
ameters of intergranular bubbles d; and d, are
compared with experimental data.
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Table 1. Characteristics of the grain-face bubbles in simulation of the Kashibe—Une tests

o (%) fre (%) psm?)  dy (nm)  d, (nm)
Model 4.9 44 2.1-10" 219 39
Experiment 10.1 30-50  1.6:10" 229 -

As seen, on the whole the model adequately
describes the experimental data with some un-
derestimation of the grain-face coverage and
the small overestimation of the face bubble
concentration. However, it should be noted that
the data of Refs. [1, 2] are quite widely scat-

tered from grain to grain and the measured
values may be considered only as estimations.
In particular, the experimental data are mutu-
ally inconsistent; indeed, the theoretical cover-
age calculated from the measured mean bubble
radius and concentration:

 p2 9 2 12 o o
(p—TchCf—3.14-(229-10 /2) -1.6-10~-100% =~ 6.6%,

which is less than 10.1 % given in [2], cf. Table 1. This value is in a better agreement with the model

prediction = 4.9 %.

2.2. Tests of Pati et al.

In experiment [11] by Pati et al. the UO, fuel
irradiated to a burn-up of 2-10*° m™ with fis-

sion rate ~2.6-10" s'm™ was examined by
transmission and scanning electron micros-
copy and replication metallography. In these
tests gas release was not measured, however,
the fission gas distribution on the grain
boundaries was characterized as a function
of irradiation temperature 750-1350°C. In
Fig. 1 the temperature dependences of vol-
ume concentration C, (upper panel) and ra-
dius R; (lower panel) of intergranular bub-
bles are compared with experimental data.

As seen the MFPR correlation correctly de-
scribe the temperature dependence of the
concentration of the grain face bubbles at
high temperatures while overestimates the
experiment for temperatures below ~1250 K.
In fact, the concentration is calculated using
simple correlation:

C, =min(C,,.Coexp(-T,/T)).  (19)

f cutoff »

whereas Couofr 1S the cut-off density, which
was set equal to 10” m? in the original
model to fit the Pati's data. However, this
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restriction is inconsistent with other data.
For instance Kashibe and Une cited the con-
centrations up to 6-10"° m™. For this reason,
in present version parameter Ceyorr Was in-

creased up to 10" m?,

As for bubble radii, MFPR results underes-
timate the experimental ones by a factor
of ~2. However note, that Pati’s data [11]
are in strong contradiction with measure-
ments of Kashibe and Une who cited the
surface concentrations up to 6-10” m™ (at
temperature 1400-1600 K) that correspond
to the volume concentration of 2-10" m?,
more that an order of magnitude higher than
presented in Fig. 1. Also, there is a dis-
agreement between the measured bubble
radii. Indeed, the value of Kashibe and Une
was 229/2 ~ 115nm at 7= 1523 K (cf. Ta-
ble 1) that is three times less than Pati’s
value whereas the inverse ratio takes place
for the burn-ups (3.3 % for the test of Ka-
shibe and Une and 0.8 % for Pati test.). So
in our simulations we give the preference to
more recent (and apparently more precise)
experimental data [1, 2].
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Fig. 1. Dependence of the volume concentrations Cyand radii Ry of intergranular bubbles from temperature un-
der conditions of the test [11]

2.3. Tests of Zimmermann

In experiments [13] the fission gas behavior
and swelling of UO, fuel were investigated at
temperatures between 1000 and 2000 K under
steady-state irradiation conditions. Two types
of the UO, micro-specimens were irradiated:
unrestrained samples of outer diameter 5.1 and
inner diameter 2.2mm (annular pellets) and
height 1 mm, with mean grain diameter of
10 um; restrained samples (compressive stress
from 2 to 50MPa) of diameter 3mm and
height 5.7mm, mean grain diameter 7 pm.
Specimens of the first type were subjected to
irradiation at fission rates from 3.1-10" to
1.4-10% fissions/m’s to burn-ups from 0.4 to
12.6% of U atoms, with mean fuel tempera-
tures from 1250 to 2000K. The second-type
specimens were irradiated at fission rates
from 4.5-10" to 6.3-10" fissions/(cm’s) to
burn-ups from 2.0 to 9.8 % of U atoms; with
mean fuel temperatures from 1450 to 1920 K.
Temperature gradients in both types of
specimens were negligible.

Post-test examination of samples subjected to
high irradiation doses at temperatures above
1500K revealed presence of large (more than
10nm in size) intragranular bubbles. Unfortu-
nately there is rather scarce information in [13]
about the way of loading of the type 2 speci-
mens. It is not clear whether the compression
was of hydrostatic or single-axial type, and
was there any mechanical interaction of fuel
with molybdenum cladding. So it was impos-
sible to determine the fuel internal stress state
and, consequently, the corresponding hydro-
static pressure, which is one of the MFPR code
input parameters. For this reason calculations
have been carried out only for the first type
(unrestrained) specimens.

The calculation results for Xe fractional re-
lease along with the experimental data are
presented in Fig. 2 for temperatures from
1250 to 2000 K, the markers representing
the experimental data.
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Fig. 2. MFPR simulations (curves) of Xe fractional release in the Zimmermann test, markers representing the
experiment. The inset shows the data in the finer scale

As seen, the model predicts the FP release
commencement in agreement with the experi-
ment (at least at temperature at which the data
can be extracted more or less reliably). Com-
paring other predictions with experimental data
one concludes that the agreement is satisfac-
tory at intermediate and high temperatures
whereas the model essentially underestimates
the release at low temperatures. Note also that
uncertainties due to variation of the fission rate
within the experimental errors were found to be
inessential at low and high temperatures whereas
at intermediate temperatures they attained ~10 %.

However, observations in the Zimmermann
tests at low temperature 1250K are also in
qualitative contradiction with other observa-
tions, e. g. in the Halden Boiling Water Reactor

Conclusions

The model of intergranular transports de-
scribed in paper on p. 17 has been further de-
veloped. The modifications involved more re-
alistic modelling of the shape, size and concen-
tration of the grain-edge bubbles, critical revi-
sion of the applicability of the underlying
mean field approach, and improvement of the
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(HBWR) tests. Indeed, in accordance with the
Halden empirical dependence [14] of the criti-
cal burn-up B* (in GWd/t) at which the gas
release commences on the temperature 7 (in K)
at the pellet centre:

9800

B*(T)=5.68-10"e¢7 273,

(22)

the release cannot be observed up to 15% of
burn-up at 7=1250K. Taking into account
that the smallest release that can be detected by
the in-pile measuring system in those test was
1% for the pellet stack, considerable local re-
lease ~20% (in the pellet centre) was needed
to obtain 1% integral release [12]. This result
well corresponds to the model predictions at
1250K, see Fig. 2.

model for the irradiation induced re-solution of
gas atoms from the bubbles. In particular, the
concentration of the grain-edge bubbles gas
was considered as depending on temperature,
whereas unjustified complex shape of the grain
edge bubbles has been replaced by spherical
one corresponding to the target model accu-
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racy. In the modified model the corner bubbles
are not distinguished from edge ones. In addi-
tion, the correlation was modified between
concentration of the grain-face bubbles and
temperature.

Implementation of the advanced model in the
MFPR code and numerical treatment of vari-
ous available data on gas release from irradi-
ated fuel and grain face microstructure shows a
satisfactory agreement of the code predictions

with experimental results. In particular, the
modified code allows description of the Ka-
shibe and Une test in satisfactory agreement
with the measurements of the bubbles sizes
and grain-face coverage. Also a satisfactory
agreement has been demonstrated of the model
predictions with the measured bubble concen-
trations in the Pati test and Xe fractional re-
leases in the Zimmermann test.
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Introduction

The motion of a bubble through a solid essen-
tially requires the transfer of atoms from the
leading surface to the trailing surface. Three
routes are available to the atoms: they can dif-
fuse around the surface of the bubble (surface
mechanism), or through the solid near the bub-
ble (volume mechanism), or via the vapour
phase within the bubble (gas phase mecha-
nism). The bubble mobility is described by the
bubble diffusion coefficient which depends on
the bubble radius R,. This dependence is dif-
ferent for the various diffusion mechanisms
[1,2]. The bubble mobility in UO, is largest
for the surface diffusion mechanism (at least
for bubbles with R, <10 um) and is inversely

proportional to R;‘, whereas a slower de-

pendence on the bubble radius (¢ R, 3) is typi-
cal for the two other mechanisms.

The effect of the internal gas pressure in re-
stricting bubble movement can be very consid-
erable. In the work on helium-filled cavities in
nickel [3] it was shown that the gas pressure in
small cavities with radius <2.5nm reduced
their mobility to such an extent that it was ef-
fectively zero.

For the gas bubbles in UO, Baker’s data [4] show
that small intragranular fission gas bubbles
(average diameter ~2nm), formed during the
irradiation were virtually immobile on subsequent
annealing at temperatures <1500°C. With the
growth of a bubble radius from 2 to ~10nm, the
bubble diffusivity increases, in contradiction with
the standard theoretical predictions.

In order to explain Baker’s observations,
Mikhlin [5] proposed that a factor which can
dramatically affect the surface diffusion
mechanism is the presence of a dense gas
within the bubble. At the bubble surface a U
adatom may not be able to jump into a
neighbouring atomic site because such a jump
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is prevented by adatom interaction with gas
atoms [5]. As a result, the net rate of surface
diffusion is reduced.

However, in this approach the two other
mechanisms (volume and gas phase) of bubble
migration become rate controlling steps for
small nanometre bubbles and thus do not allow
strong reduction of the total diffusivity (in con-
tradiction with Baker's observations). There-
fore, additional reasons for reduction of the
total bubble diffusivity should be searched.

Such reasons can be apparently associated with
faceting of small bubbles observed in the same
tests [4]. Indeed, the small intragranular bub-
bles in wuranium dioxide irradiated at
T<1800°C were faceted and this was as-
sumed by Baker as a major cause of their im-
mobility. Moreover, noticeable bubble move-
ment has been observed only at annealing
temperatures > 1700°C for bubbles of
diameter 5-20nm. At these temperatures the
bubbles were spherical.

Earlier Willertz and Shewmon [6] found that
faceted helium bubbles in gold diffuse a factor
10%-10° slower than theoretically possible
from the unrestrained diffusion of surface at-
oms. On this base, Willertz and Shewmon [6]
and Beere [7] have assumed that for faceted
bubbles, bubble migration may be limited by
the rate at which new steps are nucleated on
the facets. It is also known that relocation of
steps rather than their nucleation on a
crystallographic surface might be a rate
controlling process of the surface migration
[8]. In both cases the surface kinetics con-
trolled by the rate at which deposition and so-
lution of atoms occur at the two-phase inter-
face [8] becomes the rate determining step of
faceted bubble migration.

In the current paper the influence of the inter-
face kinetics on the bubble diffusivity mecha-
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nisms will be further studied. A special atten-
tion will be paid to the effect of the gas pres-
sure in restricting small bubbles movement.
This will allow explanation of further sup-
pression (in comparison with Mikhlin’s
mechanism) of the diffusivity of small intra-
granular bubbles.

In addition, an improved consideration of bub-
ble mobility under irradiation conditions will
be presented in the next Section. It is important
to note that the formulas for the bubble diffu-
sivities were derived by Shewmon [1] and

Nichols [2] for equilibrium conditions. Under
irradiation conditions so-called a-thermal ef-
fects dependent on fission rate might be im-
portant. For instance, the effective uranium
self-diffusion coefficient may considerably
increase under irradiation in UO, crystals [9].
Naturally this can result in the enhancement
of the bubble diffusivity. Most pronouncedly
this effect can be demonstrated for the bubble
volume diffusion mechanism which is directly
associated with uranium self-diffusion in the
crystal bulk.

1. Bubble diffusivity by volume diffusion mechanism

under irradiation conditions

In order to calculate bubble mobility under irradia-
tion conditions, the standard procedure for calcula-
tion of bubble mobility in thermally equilibrium
crystals (e.g., [10]) should be generalized by addi-
tional consideration of non-equilibrium concentra-
tion of point defects (vacancies and interstitials).

o, (0)=——F

>cos0,
4nR,

6,,(0)=0,,(0)=0

The stresses induced on the bubble surface by

an external force F exerted on the bubble in
the isotropic crystal take the form in the
spherical system of coordinates (7,0, ¢ ) [10]:

(r=R,). (1)

where 0 is the angle between the vectors # and F , 1 is the normal to the bubble surface vector, R,
is the bubble radius. These stresses induce a force completely compensating the external force:

- F -
F'= IG cosOdSx—=-F.
rr F

Under conditions of thermodynamic equilibrium on the bubble surface, the chemical potentials of
point defects (vacancies and interstitials) obey the boundary conditions on this surface:

uv(Rb’e):uv0+(’06nn :l’lv0+0‘)6rr (Rb’e)’ (2)

H; (Rb’e) =M

-00, (R,.0), 3)

where o, are the normal stresses at the bubble surface, ® is the atomic volume of uranium atoms

(in the approximation ® = |03V| e |(’);

, see Appendix A), 1, and p,, are the equilibrium chemical

potentials (normally zero) of vacancies and interstitials, respectively, in the absence of stresses.

Far from the bubble the chemical potentials are determined by the irradiation induced values:

“v,i (OO) = nv,[ ° (4)
In the steady-state approximation the chemical potentials obey the Laplace-type equations:
Ap,,(7)=0. (5)

Solution of Eq. (5) with the boundary conditions Eqgs. (1)—(4) has the form
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N R, 30 F-F
= _(m _g B 00 6
“‘v(r) Mv (Hv “vO)r 4T[ r3 > ()
N R 30 F-F
W (F) =, = (|, — o ) 2+ =E (7)

The point defect fluxes are determined by the chemical potential gradients, in accordance with
relationships:

— c —
I =—MVu =——22Vpu_, 8
VI T H, 3
- — Dc -
[ =—-MVu =——LVyp,, 9

where M ; are the kinetic coefficients connected with the diffusivities D, ; of vacancies and intersti-
tials by the relationship D, , = M, kT /c, ;.
Substitution of Egs. (6) and (7) in Egs. (8) and (9) yields:

= Dec,| 3| Fo (F'F)FCO R
J =y | — | + +(u — ke s 10
" okT|4n| r (1, =) r (10)
. De Fo (F7F)fo| _RF
[--2a) Fﬁ”—( 5) +, . (11)
okT | 4| r r r
Correspondingly, the induced atomic flux is equal to
. . . (De+De)| 3 F O(FF)F R
[ =—] +] =~ " |~ 42 7 |I-|D(c-c“)-Dc |—=. 12
‘ v kT An| P [ V( v ) ”](Dr3 (12)

Migration velocity of a segment of the bubble surface v '(Rb , 9) can be represented as the sum of the

term Vv corresponding to the bubble relocation velocity (as a whole) and of the term Rbﬁ correspond-

ing to the variation of the bubble radius [10]:

V'(R,,0)=7V+Ryji. (13)
This velocity obeys the geometrical condition
v'(R,,0)-7i(R,,0)=ol,(R,,0)-7i(R,.0). (14)
Substituting Eq. (12) in (14) and comparing with Eq. (13), one obtains
R, =-ID,(e.~c)-Del. 15
b

Dc +Dc) F D, F
ylo(Da+De) F_3ob, F (16)
o kT R, 2n kT R,

where 5U = D,c, + D, is the effective self-diffusion coefficient of uranium atoms (see Appendix A).
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It is straightforward to show that in the more

general approach, |®,;|# ®, with the cor-

rected boundary conditions Egs. (2) and (3) (as
explained in Appendix A), the effective self-
diffusion coefficient introduced in Eq. (16)

takes the form D, =y D.c +v,Dc,, in
correspondence with Eq. (A.9).

Therefore, for the bubble mobility that obeys

the relationship v = ubF , one obtains

y, =2 D—g’. 17)
2kT R

In accordance with the FEinstein equation
D, = kTu, , the bubble diffusivity is proportional
to its mobility and thus can be deduced from
Eq. (17) as

P _ 30Dy

. 18

b 27 R,f (18)
Under irradiation conditions the effective self-
diffusion coefficient consists of thermal
(Arrhenius type) and a-thermal (fission rate
dependent) parts [9]:

D, =D exp(~E, /T)+AF, (19)

where D =2-10"m?s, E,=64200K,
A~ 1.2-107° m’ and F is the fission rate.

Correspondingly, for irradiated crystal Eq. (19)
should be substituted in Eq.(18). This
determines the enhanced bubble diffusivity by

volume diffusion mechanism under irradiation
conditions.

2. Influence of the interface kinetics on bubble diffusivity

As explained in Introduction, faceting had pro-
nounced effect in restricting bubble motion in
UOQO; crystals.

Qualitatively the observations of faceted bub-
bles can be explained as suppression by ad-
sorbed gas atoms of so-called «rougheningy»
transition (from smooth (faceted) to rough sur-
face) on UO, crystal faces, when gas adsorption
coverage is close to 1. The smaller is the bub-
ble, the higher is the gas pressure in the bubble
and the closer is gas adsorption to complete
coverage; therefore, the transition for small
bubbles might be strongly suppressed (i.e.,
shifted to higher temperatures), in agreement
with the above presented Baker’s observations
[4] that only small bubbles (~2 nm) had faceted
surface (and probably for this reason were im-
mobile, as explained below).

As explained in Introduction, the rate of
movement of a bubble with a smooth (faceted)
surface may be determined by the rate at which
solution and deposition of uranium atoms
occur at the two-phase interface. This rate of
solution/deposition per unit area can be
presented in the general form:

w=K,(pn-u,). (20)

where K, is the kinetic («reaction») constant,
u,and p, are the interface and equilibrium

chemical potentials of uranium atoms, respec-
tively. It is customary to take » equal to 1 or 2
[8], however, as proposed in [1], also a larger
positive number » can be used to approximate
the case in which the cavity are
crystallographic and the rate of solution/
deposition is determined by the rate of
nucleation or growth of atomic steps in the
cavity surface.

Under such conditions the bubble diffusivity
becomes proportional to the reaction constant

K, and obeys a more slow dependence from

bubble radius R, , as shown in [1]:
D, c K R, (21)

This slow dependence from R, results in a

noticeable suppression of the mobility for
small bubbles (in comparison with the bulk
diffusion = mechanism  which  provides

D, R *). However, an additional effect can

be apparently connected with suppression of
K, for small bubbles with R, ~1 nm.
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Indeed, in such small bubbles the gas pressure
is extremely high, p =2y / R, ~1 GPa, and for
this reason, the surface coverage 0 of gas at-

oms adsorbed on the internal bubble surface
should be very high, e. g., following the Lang-

e: kadp
I+k,p

muire adsorption law, —1.

2.1. Non-linear Langmuire adsorption law

In small bubbles with R, <5nm the gas state
obeys the van der Waals law, p(V, —N,B ) =

= N, kT , where N, is the number of gas at-

oms, V, is the bubble volume and
B~8.510%m’atom is the van-der-Waals
constant for Xe gas.

In this case the chemical potential of gas atoms
takes the form: p, = p(go) +kTInp+Bp,

whereas the chemical potential of adsorbed gas
atoms is p_, =p' +kT1n(9/(1 —6)), where
0<0<1 is the surface coverage of adsorbed
monolayer. This simple expression for p , is
valid in both limits of 6 — 0 and 6 — 1 (pos-
sibly with different values of uﬁlod) (T )), when
the two-dimensional lattice gas of adatoms (in
the case O — 0) or of their vacancies (in the
case 0 — 1) can be considered as ideal. In the

current consideration the second case, 6 —> 1,
is of interest.

In the thermodynamic equilibrium between gas
and adsorbed atoms 1, = W, therefore, in this

(n)
ke

K =~
" 1+k, (2y/R,)exp(2yB/RkT)

where 7 is the surface tension. Therefore, the
bubble diffusivity, Eq. (21), can be strongly
suppressed for small intragranular bubbles
with R, = 1 nm owing to extremely small value

However, this simplest formulation of the ad-
sorption law is valid only for the ideal gas (and
at low coverage). For small bubbles with high
pressure a new expression for the adsorption
isotherm should be derived.

case the dependence of the surface coverage on
pressure becomes steep and non-linear:

_ kadpexp(Bp/kT)
l+k, pexp(Bp/kT)’

(22)

where k_, =exp [(H;O) —a» ) / kT ] is the

unknown adsorption constant.

It is clear that under high-coverage condition,
0 — 1, solution/deposition of uranium atoms
on the surface will be blocked by adsorbed gas
atoms, resulting in a strong suppression of the

kinetic constant K, . In the microscopic con-
sideration of adsorption/desorption processes it
is conventionally assumed that K is propor-
tional to the surface area unoccupied with gas
atoms, K, =k" (1-6), where k" is the
second unknown constant of the model, there-

fore, in the case of the above-derived non-
linear Langmuire adsorption law for small

bubbles (with high gas pressure p = 2y/ R)),
Eq. (22), one obtains

~ (ké”)/Zykad)Rb exp(—ZyB/Rka) , (23)

of the exponent, exp(—2yB/R,kT), which
attains ~ 10 at T~ 1273K.

2.2. Bubble diffusivity by volume diffusion mechanism

In order to adequately implement this effect of
the bubble mobility suppression, one should
self-consistently consider the problem of the
bulk self-diffusion in the matrix along with the

38

two-phase interface kinetics at the bubble sur-
face. For the first order kinetics (=1 in
Eq. (20)), the calculations presented in the
Appendix B yield for the bubble diffusivity:
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(vol) _ 3(,0 KIO)Rb .213U
" 4nR) KR, +(2D, /kT)

(24)

Generalization to the higher order kinetics,
n> 1, results in

30 K,0R-2D,

D(vol) _ )
" 4nR) K,oR; +(2D, [kT)

(25)

which is correctly reduced to the known rela-
tionships in the two limiting cases:

3D,®

Dlgvol) N =
2nR,

(vol) —

30 (c)ké”’ [2vk,, )exp (—2yB/RkT )R, - 2D,

when K oR, >> [)U / 2kT (the volume dif-
fusion mechanism), and

3K,
ppw 5 3K
4R,
when K oR,' << l~)U / 2kT (the interface ki-
netics mechanism).
Substituting Eq. (23) in Eq. (25), one finally
obtains:

b

4nR; (kg /2vk,, )exp(-2yB/RAT)R;™ +(2D,, /kT)

(26)

Therefore, for small bubbles the two-phase interface kinetics becomes the rate limiting step in the

bubble diffusivity:

D[(]VOI) 3(1) kT (

b

which tends to 0 when R, — 0.

k" /2,y )exp(~2yB/R,KT), 27)

2.3. Bubble diffusivity by vaporization/condensation mechanism

Vaporization/condensation of UQO, in the
gas phase provides the interface kinetic
limitation to the gas-phase mechanism of
bubble diffusivity. This contribution can be
represented in the form [11]

D(Vﬁp) 28
) A kN Fio,¢) \/ , (28)

where N, is the number of gas atoms in a bub-
ble, k is the Boltzmann constant, R is the uni-
versal gas constant, s =3.0-10"m and s’ is
the effective cross-section for elastic collisions
between Xe atoms and UQO, molecules, the

mass m is defined by m:mlmz/(ml +m2),
where m; and m, are the molar masses of Xe

and UO, F, |, is the equilibrium partial

pressure of UO, gas given by
oo,y =Ry exp(=AH , /T), (29)

where AH,,, ~71.682-10°K is the heat of va-
porization. For small nanometre bubbles ¥, is
proportional to the bubble volume, therefore,

(vap) -3
D™ oc R,”.

In a small bubble with high pressure the
evaporation/condensation of U atoms will take
place from the surface areas unoccupied with
gaseous adatoms, therefore, Eq. (28) should be

multiplied by the factor (1 — 6) . In the case of

the non-linear Langmuire adsorption law,
Eq. (22), for small bubbles (with high gas

pressure p =2y /R, ) one obtains

2
Dlgvap) ~ %PUO . R ! , (30)
4ns*kN, “'N8mT 1+(2vk,, /R, )exp(2yB/RkT )
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which tends to 0 when R, — 0 as:

2
Do ~ 3(22 | nR p
4ns"kN, \ 8mT

U0, (g) 2yk
ad

R exp(—2yB/R,kT). (30a)

2.4. Bubble diffusivity by surface diffusion mechanism

As mentioned in Introduction, in accordance
with Mikhlin’s model [5] a U adatom may not
be able to jump into a neighbouring atomic site
at the bubble surface because such a jump is
prevented by adatom interaction with
gas atoms.

Ny
D = p ﬁ[l_ﬁJ

' 4nR; v,

where P, = 2y/ R, is the bubble pressure,
V, =4nR) / 3 is the bubble volume, B is van-

der-Waals constant, D, is the surface self-
diffusion coefficient, evaluated in [12] as
D, = 50-exp(—4SOOOO/RT) m’/s, with
1200°C < 7< 1800°C and R in J mol™-K".

This approach was criticised in [13], since
there is no intrinsic reason why a gas atom in
an adatom interaction zone should prevent the
adatom from moving, but it has been shown to
give results which compare quite favourably
with experiments.

An alternative justification for the surface
diffusion reduction can be found taking into
consideration that atomic jumps into a
neighbouring atomic site at the bubble surface
can be prevented by occupation of this site by an

Under assumption that a U adatom would
not diffuse unless a certain volume
Vo= 1.5:10”"m’ surrounding the adatom (so
called adatom interaction zone) was free of gas
atoms, the net rate of surface diffusion is re-

duced by a factor (1-V, [V, )Nl’ :

43
~Dp 3 exp[ dLi ] 31)

“anR* "\ kT+BP,

adsorbed gas atom. Consideration of this
mechanism can be carried out by application of
the Langmuire adsorption law to gas atoms on
the bubble surface, similarly to consideration
in the previous sections.

Indeed, in this case the U adatom jump fre-
quency Y, (r) on the equilibrium gas bubble
surface is less than its jump frequency 7y, on the
free surface, v, (r) :yow(r), where w(r) is
the probability that there is a free surface site in
the neighbourhood non-occupied with gas at-
oms, i.e., w(r) = (1 - 9) . Eventually this results
in renormalization of the bubble diffusivity by
the same factor (1 —9) , which can be

calculated wusing the non-linear Langmuire
adsorption law for non-ideal gases, Eq. (22):

~ 30" 1
DM =D —— : (32)
4nR, 1+(2vk,, /R, )exp(2yB/RkT)
which tends to 0 when R, — 0 as:
43
D ~ D, ————exp(—2yB/R,kT). 32a
b s p(-2vB/R,T) (32a)
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3. Model implementation in the MFPR code and validation

New formulations for the bubble volume diffu-
sivity, Eq.(26), and for the vaporization/

condensation mechanism, Eq. (30), have been
implemented in the MFPR code [14] in the form

-1
ad exp(2yB/Rka)J , (33)

1

D~ 2DU03(1+ 2D, 1 2vk
v, kTo k"R’ R,
D 30 R

where V, is the bubble volume, N, is the number
of gas atoms in the bubble, D, is the effective

self-diffusion coefficient of uranium atoms,
Eq. (19); constants ko™ and kyy are the model
parameters, determined in calculations pre-
sented below as 10* (N'm*s)”’ and 10*m*/N,
respectively, by fitting calculations to the
available data on small bubbles diffusivity.

Comparison of the standard volume diffusivity
of bubbles D\"") = 2D, ®/V, , which includes
only the thermal part of the uranium self-
diffusion coefficient D, = D exp(-E, /T)

and thus is valid only for non-irradiation con-
ditions, with the modified one expressed by
Egs. (33) and (19), is presented in Fig. 1. One
can see that for bubbles with R,>2nm the
modified value of the bubble volume diffusiv-
ity calculated under irradiation conditions
(with the typical fission rate ~ 10" m™s™) prac-
tically does not depend on temperature at
T<1400K and noticeably exceeds the stan-
dard value (especially at low temperatures). At
higher temperatures 7> 1600K the thermal
part of the uranium self-diffusion coefficient
exceeds the a-thermal part and the modified
volume diffusivity practically coincides with
the standard one. Consideration of the inter-
face kinetic limitation in the new model pro-
vides considerable suppression of the volume
diffusivity for small bubbles with R, <2 nm.

Similarly, modification of the vaporiza-

tion/condensation model taking into account
suppression by gas atoms adsorbed on

> p ,
Ans’kN, "N 8mT 1+(2vk, /R, )exp(2yB/RkT)

(34

the bubble surface, Eq. (34), diminishes the
bubble diffusivity by this mechanism for small
bubbles, Fig. 2.

The surface diffusion mechanism was consid-
ered in two formulations: the standard
Mikhlin’s model, Eq. (31) and the modified
model, Eq. (32), as presented in Fig. 3.

Superposition of the diffusion mechanisms
allows calculation of the total bubble diffusiv-
ity, Fig.4. In the case of the standard
Mikhlin’s formulation for the surface diffusion
mechanism, Fig. 4a, results are in a reasonable
agreement with Baker’s [4] and Cornell’s [15]
data, however, are inconsistent with Gulden’s
data [16], as shown in Fig. 5. In the case of the
modified formulation Eq. (32), Fig. 4b, coinci-
dence is not so good with Baker’s and Cor-
nell’s data, however, the calculation results are
in much better qualitative and quantitative
agreement with Gulden’s measurements (and
are still in the range of discrepancy between
the three data sets), Fig. 5.

It is important to note from Figs. 1-3 that at
temperatures below 1200K under irradiation
conditions  with  typical fission rates
(~10” m7s™) the irradiation-enhanced volume
diffusivity becomes higher than the bubble
diffusivity by the surface mechanism and thus
determines the diffusivity of intragranular
bubbles. This is important conclusion for
analysis of bubbles coalescence and UO, fuel
swelling under normal operation conditions,
especially at the fuel pellets periphery where
low temperature conditions are sustained.
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Fig. 1. Volume bubble diffusivity under irradiation conditions as a function of bubble radius at different tem-
peratures calculated by different models: the standard formulation and the modified model for the irradiation-
enhanced bubble diffusivity with consideration of the interface kinetic limitation
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Fig. 2. Vaporization/condensation bubble diffusivity as a function of bubble radius at different temperatures cal-
culated with and without consideration of gas adsorption
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Fig. 3. Surface bubble diffusivity under irradiation conditions as a function of bubble radius at different tem-
peratures calculated by different models: the standard Mikhlin’s formulation,
Eq. (31), and the modified model, Eq. (32)
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Fig. 4. Total bubble diffusivity as a function of bubble radius at different temperatures calculated with and with-
out consideration of the interface kinetics: a) — using Mikhlin’s formulation for the surface diffusion mecha-
nism; b) — using modified formulation, Eq. (32).
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Fig. 5. Total bubble diffusivity as a function of bubble radius at 1773 K experimentally measured and calculated
without (solid line) and with consideration of the interface kinetics; for the latter case two options for the surface
diffusion mechanism are presented: Mikhlin’s formulation, Eq. (31) (dashed line) and modified formulation,
Eq. (32) (dashed-dotted line).

Conclusions

The advanced model for intragranular bubble comparison with the standard consideration valid
diffusivity in irradiated UQO, fuel was developed. for equilibrium conditions. For instance, at
Three various mechanisms (surface, volume and relatively low temperatures <1200K and typical
gas-phase) for the gas-filled bubble diffusivity fission rates (~10"”m>s") the volume diffusion
were considered. mechanism becomes the largest one and thus
It was shown that the bubble mobility by the determines mobility of intragranular bubbles.
volume diffusion mechanism can be strongly The influence of the interface kinetics on bubble
enhanced under irradiation conditions, in diffusivity by volume diffusion, evapora-
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tion/condensation and surface diffusion
mechanisms was additionally studied. A special
attention was paid to the effect of the internal gas
pressure in restricting small bubbles movement.
For this case a new expression for the non-linear
Langmuire adsorption law for gas atoms was
derived. This allowed explanation of further
suppression (in comparison with Mikhlin’s
model for the bubble migration mechanism by
surface diffusion) of the diffusivity of small
intragranular bubbles.
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Appendix A

Let us consider behaviour of atoms and point
defects in crystal under hydrostatic stress field

o (17 ) =-pP (17 ) . In the case of constant field,
P = F, =const, the equilibrium chemical po-
tentials of point defects can be calculated as

W =H, 0~ o‘)v,iP() > (A.1)

where ®,; ==Xy, .o is the increase of the crys-

tal volume when one defect is introduced in the
crystal bulk by relocation of an atom to (from)

the crystal surface; v, ; = ‘cov,i‘ / ® normally <1.

Indeed, in this case to attain the equilibrium state
the reversible work connected with the crystal
volume increase under the external stress,

-, [, , has to be compensated by the chemical
potential of the newly created point defect, [ ;.

It is worthwhile to note that a similar consideration
of the equilibrium boundary conditions on the
bubble surface will modify the usual Egs. (2) and
(3) (obtained under simplified assumption

Y, =7, = 1) by substitution of ‘cow. instead of

o in the rhs. of Egs. (2) and (3), respectively
(or, equivalently, by multiplication of ® by v, ;).

In the case of spatially non-homogeneous field
with a constant gradient VP = const,
o,(F)=-P(F)=-B+F -VP, under steady
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state conditions the chemical potentials of
point defects obey the Laplace-type equation:

Ap,, =0, (A2)

which has the solution, generalizing Eq. (A.1):
i =Moo _(Dv,iP(r) : (A3)

Therefore, the point defects diffusion fluxes
are calculated as

I,=-M,Vu, =M, o VP=

— Dv icv iYV i
=M, o, [VP=+=220VP, (A4)

where D, =M, 0 kT [c,, is the diffusivity

of vacancies (interstitials).

Assuming that the pressure gradient is
small, the Gibbs potential of the crystal

@(P,T) = F(P,T)+PV can be decomposed:
@(P,T)zd)(PO,T)+(P—R))V ,
taking into consideration that

d® =-SdT +VdP .

In this case for the atomic chemical potential
one obtains:
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_6<I)(P,T)~66D(P0,T)+
N N

+(P—R))2—;:ua0+(P—Po)c0, (A.5)

Hq

thus the atomic flux is calculated as:

I, =-M¥Vu,=-—M,oVP, (A.6)

or, in accordance with the Einstein equation for
the self-diffusion, M, =D, /&kT :

Ia:—D“ VP. (A.7)
kT

Appendix B

In this Appendix self-consistent consideration
of the bulk self-diffusion in the crystal matrix
and the two-phase interface kinetics at the
bubble surface is presented. For simplicity,
only one type of defects is considered
(generalization to two types is straightforward
following consideration in Section 1).

The vacancy chemical potential (17 ) in the
matrix obeys the Laplace-type equation:

Ap, =0. (B.1)
Under  conditions of  thermodynamic
equilibrium on the bubble surface, the

chemical potential obeys the boundary
conditions on this surface:

Hieq) = HVO +yvm6nn 4 (Bz)
where ©,, are the normal stresses at the

bubble surface (7i =R, / R, is the normal
vector), @ is the atomic volume of uranium
atoms, M, is the equilibrium vacancy
concentration in the absence of stresses, v, is
the vacancy dilation factor (see Appendix A).

The stresses induced on the bubble surface by

an external force F exerted on the bubble in
the isotropic crystal take the form [10]
3F

s 0 >
rr 1 RZ r

c,,=0,

(r=R,),  (B3)

On the other hand,

I, =—I+1, (A.8)

therefore, substituting Eqgs. (A.4) and (A.7) in
(A.8), one obtains:

Da = YVDvcv + YiDici : (A9)
In the approximation ¥, =y, ~ 1 one obtains:

D,=Dyc, +Dc,. (A.10)

where O is the angle between the vectors
ﬁ=1§b/Rband F.
Solution of Eq.(B.1) with the equilibrium

boundary conditions Eq. (B.2) and Eq. (B.3)
has the form

3y, F-F
An ¥’

(eq)

“‘Lv (}_;):HVO_

., (r=R,). (B4

In the absence of the thermodynamic equilib-
rium at the bubble surface when the interface
kinetics becomes essential, the boundary con-
ditions on the bubble surface can be searched
in the form

3y, F-F
4
(r=R,). (B.5)

(s)
Ky

(F):Hvo_a

where o is an unknown parameter.

In this (non-equilibrium) case the diffusion
flux of uranium atoms to the bubble surface is

7 — 'YVDVCV o
W okT Y
= , (B.6
AkT | R} R’

whereas the interface kinetic flux is
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Ly =K (1 -pi?) = j_ 3Fo KoR, (2D, /kT) (B.10)
- 4nR; KR, +(2D, /kT)
30)( 'Rb)
=K(l-a) ———. B Therefore, for the bubble mobility that obeys

the relationship v = ubﬁ , one obtains
30 KoR,-(2D,/kT)

u, = .

" 4mR} K,oR,+(2D, [kT)

Equating the normal components of the two
fluxes I, -7i=1_ -7i , one obtains
K oR,
o= :
KR, +2(D, /kT)

(B.11)

(B.8) Finally, for the bubble diffusivity which obeys

the Einstein’s relationship D, = kTu, , one ob-
The bubble velocity, which obeys the relation-

) tains
ship

vhi=ol n Db _ 30 K\oR, -2D,
v-n=wl-n, (B9) b 4TCRZ Kl(DR[, +(2Du/kT)

. (B.12)

can be calculated from Eq.(B.9) after
substitution of Eq. (B.8) in Eq. (B.6):
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UO, under Irradiation Condition
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Introduction

One of the main deficiencies of the existing
codes is connected with oversimplified consid-
eration of microscopic defects in the UO, crystal
structure, which can strongly influence fission
products transport out of grains and release
from fuel pellets. Hence, the basic postulation
of these codes is based on consideration of equi-
librium state of intragranular gas bubbles
formed from the solid solution of gas atoms in
UO, matrix under irradiation conditions. Such
an approach radically simplifies the theory,
since in this case the defect structure of the crys-
tal (including point defects, such as vacancies
and interstitials, and extended defects, such as
dislocations) is practically excluded from con-
sideration. However, this consideration is well
grounded only in the initial stage of steady-state
irradiation, when density of generated disloca-
tions is relatively low. At high burn-ups the
dislocation density significantly increases [1]
and influences the intragranular bubbles evo-
lution. Namely, considerable suppression of
the intragranular bubbles generation leading
to stabilization of their concentration in the
late stage of irradiation accompanied with a
noticeable increase of the mean bubble size,
was observed in the high burn-up UO, fuel
[2], in remarkable contradiction with the
standard codes predictions.

Furthermore, under transient and/or annealing
conditions the approximation of equilibrium
bubbles is not anymore valid, and interactions
of bubbles with point defects and dislocations
become essential. Indeed, during bubbles
growth and coalescence extended defects such
as dislocation loops uniformly distributed in
the grain bulk, may act as the main sources of
vacancies (necessary for the bubble equilibra-
tion) and afford the equilibrium concentration
of the point defects in the crystal bulk. This
explains dislocation creep and enhanced bub-

ble growth by dislocation sweeping observed
under annealing conditions.

In this situation a new mechanism for gas re-
lease due to dislocation creep emerges
(paper on p. 87). This mechanism considers
sweeping of bubbles and delivery them to the
grain boundaries by climbing dislocation seg-
ments in the course of vacancy generation
(necessary for equilibration of growing bub-
bles) under annealing conditions. Extensive
validation of the MFPR dislocation creep
model showed that experimental results on gas
release during post-irradiation annealing [3, 4]
could be adequately simulated in the whole
temperature range of the tests with an appro-
priate choice of the initial dislocation density.
Therefore, the new model for the dislocation
evolution under steady irradiation conditions
should provide appropriate initial conditions
for the post-irradiation annealing and transient
regimes.

According to the present model prediction,
generation of dislocation loops occurs mainly
during the initial period of irradiation,
concurrently with the fuel densification
process, and therefore, may be significantly
influenced by the kinetics of pore sintering.
For this reason, comparative analysis of exist-
ing models for pore evolution under irradia-
tion conditions, the most adequate model and
its further development will be presented (pa-
per on p. 58). Consequently, in the MFPR
code both processes of dislocation loops
generation and pore shrinkage are considered
simultaneously and self-consistently with the
point defects and gas bubbles evolution.

According to the present model, dislocations
are generated under irradiation in the form of
di-interstitials and continuously grow up by
absorption/evaporation of point defect in two
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types, dislocation loops and dislocation network.
Taking into account that the introduction of this
type of extended defects will complicate the
system of equations in MFPR, a simple approach
is developed by considering bi-modal distribution
of loops, their evolution and transformation into
dislocation network.

After implementation of the new model in the
MFPR code, additional parameters characteris-
ing the crystal defect structure naturally arise.
However, being physically grounded, these
new microscopic parameters can be fixed from
the analysis of available experimental data, and

then used without any artificial tuning in fur-
ther calculations. Results of the defect model
validation against the tests [1,2] (in which
variation of the intra-granular dislocation den-
sity were directly measured with burn-up) are
presented.

The new model with the determined micro-
scopic parameters is applied to analysis of high
burn-up fuel in a wide temperature range and
allows formulation of a simple threshold crite-
ria for fuel restructuring, in a good agreement
with recent observations.

1. Evolution of point defects (vacancies and interstitials)

The system of the MFPR equations for evolu-
tion of point defects in irradiated UO, fuel
should be modified by self-consistent consid-
eration of pore shrinkage and dislocation loop
generation. Evolution of the vacancy and

v

interstitial distribution is described in the mean
field approximation [5] in terms of the
dimensionless concentrations, ¢, and ¢;
(number of vacancies and interstitials per ura-
nium atom), by the following equations:

¢, =—(k} +k,,)Dc,—aDcc, +(1-E)K+K,+K, + K, (1.1)

¢, =—(k} +k},,)Dc,—oDcc,+K-K,, (1.2)

1

where D, and D; are the vacancy and intersti-
tial diffusion coefficients, respectively; a is the
recombination constant given by o = 4mnr./Q,
r.=0.1+0.5nm; k. and k are the total sink
strengths of vacancies and interstitials into the
extended defects (gas bubbles, pores, vacancy
loops and dislocations), respectively; kfj .. and

kf . are the grain boundary sink strengths for

vacancies and interstitials, respectively; K is
the Frenkel pair production rate (d.p.a.s™)
which can be estimated (for the PWR normal
operation conditions) by K = Fz,Q, where F is
the fission rate and the parameter

kR, coth(k, R, )-1

z,=(1+5)-10° characterises the damage forma-
tion in the fission track volume; K is the rate
at which vacancies are removed from solution
to form vacancy loops, & is the adjustable pa-
rameter, 0 <&<1 [6,7]; K, is the rate of the
vacancy thermal production; K, is the rate of
the irradiation re-solution (knockout) of vacan-
cies from pores; K} is the rate of the irradiation
induced re-solution of vacancies from gas bub-
bles; K, is the rate of the interstitial absorption
due to the interstitial loop generation.

The grain boundary sink strength for vacancies
and interstitials can be estimated from the rela-
tionship [5]

LYy g

k2, (i,v) = (1.3)
o L1 coth(kl. R )
R —+ - i
13 kR kR,
In accordance with [5—7], the total sink strength of vacancies and interstitials are equal to
ki, =4mnR,C, +4nR,C,+Z, (p,+2nR,C, +2nR,C, ). (1.4)
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The rate of the vacancy thermal production has the form:

v

K, =D,[47R,C,c +4nR,C e + Z,(p, + 2nR,C, + 2nR,,C,, )" |, (1.5)

where ¢“?

v

is the thermal equilibrium vacancy

(bs) and C(pS)

v v

concentration; ¢ are the boundary

concentrations of vacancies on the bubble and
pore surfaces; p, is the dislocation network den-
sity; C, and R, are the gas bubbles concentration
and mean bubble radius, respectively; C, and

R, are the pore concentration and mean radius,

respectively; C,; and Evl are the vacancy loops

concentration and mean radius, respectively; C;
and R, are the interstitial loops concentration
and mean radius, respectively.

The vacancy production rate from pores due to

K, =47R,C,| D, (¢, ~ ")~ Dg |

1. €., as a difference between the rate balance of
point defects sinking into bubbles and the real
rate of bubbles volume growth. In this case the
bubbles are considered as equilibrium (owing
to the thermal annealing in fission tracks) and
their growth is determined by absorption of gas
atoms (as the rate controlling step). In accor-
dance with the “thermal spike” model [10],
molten zones appear in the fission tracks dur-
ing some time interval T ~10"''s, which is
long enough for relaxation of small nanometre
bubbles to the equilibrium (“capillary”) state in
the melt, as explained in [9].

The rate of the interstitial absorption due to the
interstitial loop generation in the bi-modal ap-
proximation for loops (see below Eq. (2.6))
is equal to

dc
K, =nR’B—L, 1.8
d Tl (1.8)

where B is the Burgers vector length.

The dislocation sink strength for interstitials is
larger than that for vacancies due to the higher
elastic interaction between dislocations and
interstitials [5]:

Z,=7,(1+2¢), 0<2e<<1. (1.9)

The thermal equilibrium vacancy concentra-
(eq) (eq)

v i 4

are approximated by the Arrhenius correlation:

tion, ¢;*’, and interstitial concentration, ¢

knockout by fission fragments passing through
pores were described in [8] in the form

D2
K, =4nR:C 20FAy,  (1.6)

where the number of vacancies knocked out of
a pore per collision 1 =100 and the length of
the fission fragment path A=10°m, in
accordance with estimations of [7].

The vacancy production rate from bubbles due
to knockout by fission fragments passing
through bubbles, which was introduced in [9]
as the thermal annealing of bubbles (to equilib-
rium volume) in molten zone of fission tracks,
can be represented in the form

_diGr)

1.
o (1.7)

& =exp(-EP /KT, (1.10)

v,i

with the activation energies E’=2.2 eV and
E“”=6.0eV [11].

The interstitial diffusivity may be given by
expressions

D, = %xfazvi exp(—E"™ /kT), (1.11)

where v,=5-10”s" is the jump frequency,
El.('") =0.6¢eV is the migration activation energy,

x7 =107+ 1 is deviation from stoichiometry fac-
tor [12]; or

l

2
D:(%) v. exp(=28000/ RT), (1.12)

where v;=10"s" is the interstitial jump

frequency, a=5.510""m is the lattice
parameter and R = 8.314 [11].

The uranium self-diffusion coefficient D at
low temperatures (below 1000 °C) under steady
irradiation conditions is completely athermal
and depends only on the fission rate F' [11].
At high temperatures (up to 1500°C), Dy
slowly increases with temperature up to its
thermal value. So the uranium self-diffusion
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coefficient may be evaluated as the sum of two
(athermal and thermal) terms:

E
D, =AF+DYexp| —=% |, (1.13
U U p( kTJ ( )

with 4~1.2:10m’, D =2-10*m%s and
E, /k=64200K [11].

The athermal diffusivity can be reasonably
evaluated within so-called “thermal rods”
mechanism [13] which describes enhanced
migration of U atoms in molten zones of
fission tracks during a short period of the
thermal spike. Within this mechanism one
should also take into consideration that
existing point defects recombine in molten
zones of the fission tracks, thus, all interstitials

in the melted volume vanish (¢, <<c¢,) and do

not participate in the enhanced mass transport.
Therefore, rapid relocation of U atoms in
molten tracks results in spatial redistribution
(transport) of vacancies in the crystal owing to
this event and in corresponding enhancement
of the effective vacancy diffusivity.

Indeed, the uranium self-diffusion coefficient
Dy can be generally represented as super-
position of the wvacancy and interstitial
migration mechanisms:

D,~Dc, +Dc,, (1.14)

which become comparable in steady state
under low temperature irradiation conditions,
as follows from Egs.(1.1)and (1.2) (see,

e.g., [9]):
Dc, =D, (kf/kf) ~Dc , (1.15)

vy 2

and, therefore,
D, ~2Dc, =2Dc,. (1.16)

Therefore, the effective vacancy diffusivity
D, can be calculated from Egs. (1.13) and
(1.16) using steady-state solution of Egs. (1.1)
and (1.2) for ¢, and c;with D, defined in
Eq. (1.11) or Eq. (1.12).

At high temperatures (7 > 1500 °C) the thermal
effects dominate over the radiation ones and
the steady state vacancy concentration is
determined by its thermal equilibrium value,

c, = 'Y whereas

D, ~D,.c, >> Dy, (1.17)

instead of Eq. (1.16) (see, e.g., [9]).

2. Evolution of extended defects (bubbles, pores and dislocations)

The boundary concentrations of vacancies on
(bs) and C(pS)

v v 4

the bubble and pore surfaces, ¢
are given by

C‘(}bs) _ Cieq) eXp(—QSPb /kT) ,
c\(}ps) — C‘Eeq) CXp(—QSPp /kT) . (21)
The difference between the actual and

equilibrium bubble (pore) gas pressures, dP; ),
is defined as

5, =P, ~p~ 2L,
RX
_ NAT
. (Vx_BXeNx) ,
x=b, p, (2.2)
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where P, is the external hydrostatic pressure, y
is the effective surface tension for UO,, P, is
the gas pressure in a bubble or pore given by
the van der Waals equation, N, ), is the number
of gas atoms in a bubble or pore, V), is the
bubble or pore volume, and By, is the van der
Waals constant for xenon.

In the case of steady state irradiation condi-
tions, the bubble volume, ¥V}, can be calculated
using the equilibrium equation, 8P, =0, and
the corresponding boundary condition takes

(bs) (eq)

the form ¢’ =c¢,"".

It was shown [9] that the factor F, entering
transport equations for the intragranular gas-
bubble system (paper on p. 7) and determin-
ing the probability that two gas atoms that
have come together actually stick and form a
bubble, is proportional to the probability that a
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vacancy is located in a certain position (colli-
sion of two atoms), and therefore is equal to
the vacancy concentration c¢,. Correspondingly,
in the MFPR code the nucleation factor is cal-
culated in a self-consistence manner:

av

dt

where

F,=c,. (2.3)

Evolution of pores is described in paper on
p. 58. Following [7], the main equation has
the form

= =4nR, (Dv(cv —ci’”))—Dicl.)—4nR§2QF7m, (2.4)

Q2 ,
T\R,

(ps) o .(eq) il
¢, =c, U eXp .

The vacancy loops concentration is found from the equation [7]:

iC _ZTCEVI
dt vl

vl

where the vacancy loop volume is ©Q, = R’ B .

The nucleation rate of (interstitial type) dis-
location loops is determined by formation
(and following growth) of di-interstitial clus-
ters (see, for example, [14]). In the bi-modal
approximation for the dislocation loop size
distribution:

dC, _a Dic}
dt Q

where «, is the dislocation loop nucleation

, (2.6)

constant,
D, =4nr,(D,+D,)/Q=8nr,D,/Q.

Under an assumption #,

il

~r, ~a, where a
is the lattice parameter and

D =4mr, (D, +D,)/Q~4nr,D,/Q is the
vacancy-interstitial recombination constant
(see Egs. (1.1) and (1.2)), one can estimate
o, ~20.. Ionic charge effects (discussed,
for example, in [12]) can violate the as-
sumption 7; ¥, ~a and therefore, change
the values of the constants o, and o.

It is usually assumed [15] that dislocation
loops are generated during the initial stage
of irradiation until

Dy, —Dv(cv —ch) >0. (2.7

Calculations of the loop size distribution [14]
confirm that the loop population achieves a
steady state condition during some initial nu-
cleation period.

v

-5 [Z,.Dic,. -2,D,(c, —c@q))]cv, +§, (2.5)

Q

vl

This stipulation can be simply justified, if
one notices that the dislocation bias to inter-
stitials (due to elastic interactions of disloca-
tions with point defects) takes place for fi-
nite loops, but not for small interstitial clus-
ters. This implies that when

Dc,—D, (cv —cf”) becomes negative, the

small clusters will not be stable and thus will
disappear, whereas already formed loops
may proceed to grow owing to non-zero bias
factor €, in accordance with the presented
below Eq. (2.8).

This conclusion is also in a fair agreement
with direct observations [16, 17]. In these
tests the UO, specimens were irradiated in a
neutron flux of 1.4-10' slow neutrons - m™,
which induced the fission rate
~1.2:10m7s" in the specimens. At low
doses dislocation loops, formed from
platelets of interstitial atoms, were produced.
These became resolvable in the electron
microscope as a 2.5 nm diameter black spots
at a dose of 4.10°'m~, and grew in area
proportional to the total dose. After a dose of
10**m™, these dislocation loops had grown
sufficiently to coalesce with neighbouring
loops to form a dislocation network. With
further increase in dose the network
coarsened after a dose 2.2:-10°m™, when
dislocation density attained 2-10" m™.

The mean dislocation loop radius growth rate
obeys the following equations [15]:

51



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA

Tpyowr HEPAD PAH. Buinyck 5

dr, 2n

di Bn(8RR;')
dr, 2n

dt _Bln(ﬂ;dej)

where R, characterises the mean distance be-
tween dislocations, R, is the dislocation core
radius estimated as R, = 3B, B is the Burgers

vector, ¢, =c% exp(—(yf +E,)Q/BkT) is

the boundary vacancy concentration at dislo-

EUOZB 1

E,

[(1+28)De, =D, (¢e,~¢}) |, if R <R, :(

1

J

4nC,
2.8)

- [(1+2g)D,.cl. -D, (e, —c:):|, if R >R,

cation loop, Y ,denotes UO, fuel stacking

fault energy, Q is atomic volume, E, is dislo-

cation loop elastic energy, which is deter-
mined as

3

2(1-v},, )4n (1+

since at R;> R, the dislocation loops are ap-
proximated as straight dislocations (see

Eq. (2.10) below), e.g., R, = 0.

Eyo, =2.334-10" {1—2.752(

Vo, =0.316,

where T is the fuel temperature, s is the fuel
swelling; x is the magnitude of deviation from
stoichiometry in UO,., fuel; B is 1.34 for hy-
perstoichiometric fuel or 1.75 for hy-
postoichiometric fuel.

However, in experimental observations [1, 16]
1
only perfect dislocations with the b :E[l 10]

Burgers vector (i. e., without dissociation into

*_ eq
Cv_cv

(145 ifr <R -
2y
B

1
T
4nC, )’ (2.9)

if R >R,

UO, fuel Poisson’s ratio and Young’s
modulus in Eq. (2.9) can be determined
using the MATPRO data base [18]:

s
1+s

ﬂ(l—l.0915-10_4T)exp(—[3x);

partial dislocations and formation of stacking
faults, typical for the fcc-lattice metals) was
evidenced. For this reason, only perfect dislo-
cations without stacking fault energy term

(i.e., v, =0) will be considered in further

calculations:

EQ
BKT

exp -2 |

The dislocation sink strength for vacancies is evaluated as [15]
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1 2nR.C
2n \172 + — 0 | P, (1) =p,(0),
In(np, R: ) p,In(8RR;")
3 3
7z = if R, <R, = ; (2.10)
v 4nC,
1 .
2n———, p,(0)=p,(0)+2nRC,, if R, 2R,

ln(ndej )_1/2 ’

where p,(0) is the initial network dislocation

density. In this approach it is assumed that
when dislocation loops are large compared to
the sphere of influence, i.e., R;> R;, the dislo-
cation loops may be best approximated as
straight dislocations of the length equal to their
circumferences by using the relationship that
the corresponding dislocation line density is

2nR,C,. In this approximation the growth

rates of dislocation loops are given by Eq. (2.8)
corresponding to the case R; > R,.

The model based on the above presented
system of Egs. (1.1)—(1.17) and
Egs. (2.1)—(2.10) was implemented in the
MFPR code.

3. Validation of the new MFPR code version

3.1. Experimental data

The new dislocation model was validated
against experimental data of [1, 2]. In these
experiments the detailed characteristics of
intragranular bubbles and dislocations in
UO, fuel pellets in a wide range of burn-ups
6 — 83 GWd/t under steady irradiation con-
ditions were examined. The maximum irra-
diation temperatures of the specimens were
roughly estimated as 650 — 750 °C within
the accuracy limits 50 °C.

From the measured values of the bubbles con-
centration, mean bubbles diameter and disloca-
tion density, one can evaluate the sink
strengths of the dislocation and intragranular
bubble subsystems in these tests. In accordance
with this evaluation, the total sink strength
attains the maximum value ~10'°m™ at burn-
up approximately 23 GWd/t and remains
practically invariable at higher burn-ups up to
83 GWd/t. Measured average bubble diameter
increases approximately from the value of
2nm at burn-up ~20 GWd/t to ~6nm at burn-
ups higher than 80GWd/t. The bubbles
concentration increases up to 10**m™ at burn-

up 20 GWd/t, and then slowly decreases within
one order of magnitude (approximately to
~10% m™) at burn-ups > 80 GWd/t.

It should be noted that usually the codes (e. g.,
[19, 20] using a constant (default) value for the
bubble nucleation factor, F,) predict a mo-
notonous growth of the bubbles concentration
under steady irradiation conditions, in contra-
diction with recent observations of [1,2].
Coupling of the nucleation factor with the
vacancy concentration, Eq.(2.3), allows a
more adequate consideration of the irradiation
effects on intragranular bubbles evolution in
high-burnup fuel. Indeed, a typical behaviour
of the vacancy concentration under steady
irradiation conditions calculated by the MFPR
code with the implemented defect model is
rather non-monotonous as shown in Fig. 1. A
strong decrease of the vacancy concentration in
a late stage of irradiation results in a strong
suppression of the nucleation factor, Eq. (2.3),
and eventually stabilises the bubbles
concentration, as demonstrated in the
following Section 3.2.
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Fig. 1. Vacancy concentration as a function of burn-up under irradiation temperature 1073 K and
fission rate 10" m”s™

3.2. Calculation results

Calculations with the MFPR code were per-
formed for the UO, fuel with the initial grain
diameter 9nm, porosity 5% and mean pore

radius Ep= 1 pm. Irradiation at temperature

1073 K with the fission rate £=10"m>s™" and
burn-up up to 100 MWd/kg was simulated. The
initial dislocation density and mean vacancy

. 1 -2
loop radius are chosen as p,=10""m™ and

R, = 1nm, respectively.

The re-solution constant b, of gas atoms

from bubbles was varied in calculations from
2:10”m*  to  0.510%m’  following
quantitative evaluation of this parameter in
[9]. The parameter of the vacancy loop for-
mation & was varied from 10® to 107; the
damage formation in fission tracks factor z
was varied from 1-10° to 4-10°.

The other parameters correspond to the follow-
ing MFPR base set values: the interstitial bias
factor 2&= 3 %; the vacancy-interstitial recom-
bination radius r, = 0.5 nm.
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The best fit to the experimental data is attained
at &~ 107, by~ 0.5:10” m’ and z, ~ 2:10° [21].

The final calculation results with the fixed set
of parameters are presented in Fig. 2.

Results of wvalidation of the defect model
against various steady-irradiation experiments
show that the main microscopic parameters can
essentially differ from the corresponding val-
ues typical for metals, despite the basic
physical mechanisms of the defect structure
evolution being similar in different materials.
Therefore, a similar formalism of the defect
model (either for point defects [5, 6], or for
dislocations [14, 15]), originally developed for
irradiated metals, with a new set of the
microscopic parameters allows a mechanistic
description of the defect system evolution in
the ceramic material. In particular, basing on
the results for the dislocation density evolu-
tion, the model can be applied to mechanistic
prediction of the threshold temperature for the
fuel restructuring observed in the rim-zone of
high burn-up UO, fuel, as demonstrated in the
following Section 4.
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Fig. 2. Results of calculations of dislocations density, intragranular
bubbles concentration and mean bubble radius as a function of burn-up (damage formation factor z; = 2-10°;

bubble re-solution constant bo = 0.5-10% m’; vacancy loop formation factor & = 10°) in comparison with ex-

perimental data [1, 2]

4. Model predictions for fuel restructuring at high burn-ups

As observed in [1] at =900 K, tangled disloca-
tion networks with low-angle grain boundaries
were formed by accumulation of dislocations
in the 44 GWd/t fuel, when dislocation density
attained ~6-10'* m™. For the higher burn-up
fuel of 83 GWd/t, dislocations further accumu-
lated and ultimately evolved into sub-divided
grains with high-angle boundaries. The sub-
divided grains with high-angle boundaries
were postulated in [1] as the nucleus for the
recrystallization of fuel.

This result well correlates with other
observations of the burnup threshold between
55 and 82 GWd/t [22].

In accordance with the general theory of cell
structure formation [23], dislocation struc-
tures tend to develop with increasing disloca-
tion density and to form dislocation clusters
in which neighbouring dislocations mutually
screen their stress field. The cell structure
terminates the structural evolution, when

dislocation density attains a certain ultimate
value. One can expect that dependence of
this ultimate value on temperature would be
rather weak, owing to its physical nature
(i.e., stress screening).

From analysis of the above presented test
observations [1], the transition from low-angle
to large-angle cells occurs in the range of
dislocation density from ~6-10" to ~10"° m™ ,
Fig. 2. Application of these ultimate criteria to
higher temperatures is presented in Fig. 3,
where dislocation density evolution with burn-
up was calculated by the MFPR dislocation
model with microscopic parameters fixed from
the analysis of the test [1] in the previous Sec-
tion 3.2.

From these calculations it is seen that the
temperature threshold at which no restructur-
ing occurs, at least up to 100 GWd/t, is at
1300-1400K, in a good agreement with recent
observations (see [22]).
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Fig. 3. Dislocations density as a function of burn-up, calculated in steady state
irradiation conditions at different temperatures

Conclusions

The model for dislocations generation and evo-
lution under irradiation conditions was devel-
oped and implemented in the MFPR code.
Being combined with the MFPR set of
microscopic equations for evolution of point
defects and their interactions with gas bubbles, a
completely self-consistent consideration of the
whole system of point and extended defects in
irradiated fuel, including point defects:
vacancies, interstitials and gas atoms, as well as
extended defects: bubbles, dislocations, vacancy
loops and pores, was attained.

The MFPR code was validated against
steady irradiation experiments, in which
the dislocation density and the bubble
concentration and mean size were directly
measured with burn-up. MFPR allows a satis-
factory prediction of the considerable sup-
pression of the intragranular bubble concen-
tration growth accompanied with the notice-
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able increase of the mean bubble size in the
late stage of irradiation, observed in the recent
tests with the high burn-up fuel [2]. Results
for the dislocation density evolution obtained
in these calculations are also in an adequate
agreement with the high burn-up fuel
measurements [1].

Sensitivity study of the new code version
against the MFPR basic and new parameters
allows refinement of these parameters. Be-
ing physically grounded, these microscopic
parameters were fixed to attain the best fit
to the experimental data [1, 2], and now can
be used without any artificial tuning in fur-
ther calculations.

For instance, the MFPR is successfully applied
to prediction of the threshold temperature for
the fuel restructuring observed in the rim-zone
of high burn-up UO, fuel in recent tests [22].
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Model for Evolution of As-Fabricated Pores in UO, Fuel under
Irradiation Conditions

V.D. Ozrin, V.I. Tarasov

Introduction

The changes of fuel volume under irradiation
regime are of primarily importance for design
and modelling of the fuel rods, identification of
their life-limiting properties and tailoring of
dimensional stable fuel. In this connection,
study of behavior of as-fabricated pores seems
to be an actual problem as the fuel densification
due to pore sintering counterbalances the effects
due to intragranular bubble growth resulting in
the net fuel swelling. These effects are closely
related to evolution of point (vacancies and
interstitials) and extended (dislocation loops and
dislocation network) defects. Indeed, in
accordance with the direct experimental
observations in [1, 2] the dislocation loops are
generated (in form of di-interstitials) mainly
during the initial period of irradiation. This
process is concurrent with the fuel densification
and therefore may be significantly influenced by
the kinetics of pore sintering. For this reason,
the model of pore behavior is an inherent
constituent of general model of evolution of
defects in the fuel matrix.

One of the first models for pore sintering was
developed by MacEwen and Hastings [3] in
the framework of simple vacancy-dislocation
approach. Later the model has been developed
by Brailsford and Boullough [4] considering
the vacancy loop nucleation from displacement
cascades and by Dollins and Nichols [5]
suggested the knockout mechanism of
vacancies from pores in fission tracks. The
most comprehensive approach self-consistently
considering evolution of the intragranular
defects was suggested the framework of
MFPR [6] project developed during the last
decade by NSI (IBRAE) RAS and
IRSN (France).

In early MFPR models, the fuel densification
model was considered in connection with cal-
culation of the dislocation loop density under
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irradiation conditions, e.g., see general paper
[6]. It was based on the assumption of vacancy
knockout from pores and considered decrease
of the pore mean size and no gas trapping up to
complete disappearance of pores. However, in
reality pores never disappear completely since
a rather wide size distribution exists, on the
one hand, and pores are a sink for gas atoms in
the UO, matrix, on the other hand. Moreover,
in recent paper [7] a detailed experimental
results on the gas location after reactor
operations were given notably based on careful
and original micro-analytical exams (SEM,
EPMA, SIMS). In particular, it was shown that
in the central hot zone of the fuel pellet near
5% is trapped in fission gas porosities whereas
8% is trapped in as fabricated porosities, not
removed by irradiation. This amount is very
significant and must be taken into account in
transient or accident conditions.

For this reason, an advanced model of pore
evolution has been developed and implemented
into the version 1.4.3 of MFPR code. The
underlying ideas and analytical justification of
this model are described in detail in this paper.
To clarify the consideration, many intragranular
processes simulated by general MFPR model
are omitted so that the only objects under
consideration are pores, vacancies, interstitials
and vacancy loops. In the next section a
mathematical formulation is given for
simultaneous self-consistent consideration of
dislocation loops generation and pore shrinkage
along with the point defects. Section 1 presents
the analytical consideration in the framework of
pore uni-modal approach revealing the main
features of the model. In the next section, the
model is generalized taking into account
peculiarities of the pore distribution function
followed from the available experimental data.
Discussion finalizes the paper.
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1. Model

As mentioned in Introduction, in this work a
simplified model is analyzed, in which the
grain boundary effects are neglected while the
self-consistent consideration of evolution of
intragranular objects is restricted by point de-
fects, vacancy loops and pores. The initial pore
size distribution is described by concentrations
C, which depend on initial pore radius. In this
approach C, values are considered as fixed
while the pore radii are time dependent. With
these concentrations, which are considered as
initial data, the fuel swelling s, due to pores is
calculated in the framework of discrete repre-
sentation as

4“20 R (1 1)

where R, is the pore radius depending on
time ¢ In the limiting case the sum in
Eq. (1) transforms into integral:

I

¢, = —4an2 C,R,(

)R, (R, )dR, , (2)

+(1-¢, )K+8n7mQGCp

¢, =—4nD, ZC Rc -
vl
: 2
¢, = B—R[(ZVDV(CV—

P

where c, are the dimensionless concentrations
of object type x that relate to the number con-
centration, C,, as:

¢, = QCVJ , ®)
where Q =4.09-10m’ is the molecular vol-

ume for UO, The corresponding boundary and
initial conditions are written as

o qu’ ci|z:0 - Cieq’ CV/ =0 0,
4
5 2GR (0)=5,(0). ©)
p

ch>—Z,.Dl. (C; -

where pf is initial the density distribution
function.

This approach will be applied in this and the
next sections. In Section 3, an alternative
representation will be also considered, which
assumes  time dependence of  the
concentrations. In this case Eq. (2) is written as

sp(z)=4—3“ p.(t:R,)RGAR,  (3)

with the time dependent density distribution
function p. .

Under above assumptions, the general mathe-
matical model [6] (described also in paper on
p. 47) is reduced the system of four coupled
ordinary differential equations of the first order
with respect to time for vacancy, interstitial
and vacancy loop concentrations, C,, C; and
C,; as well as for pore volume V:

ps eq
c, —c! ) -2nR ,C,D, (cv -c, ) —oDcc, +

—aDc,c,+K, 4)

e K
¥ )) C,+ ngBRf, ,

V,=4nR, (D, (c, ")~ De,) - 8mAnQGR.,

In the above equations the dependencies of
physical parameters on external factors are
given in accordance with Ref. [7]: §;=2-10"is
the fraction of vacancies that directly form va-
cancy clusters, =100 is the dimensionless
parameter, and A =1pm. The atomic dis-
placement rate K is estimated for the PWR
normal operation conditions as

K=z0QG, 7
where G is the fission rate and z, =2-10° is the

damage formation in the fission track volume.
The recombination constant o is estimated as

o =4nr, / Q, where r. ~ 0.5nm. The vacancy

59



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA

Tpyowr HEPAD PAH. Buinyck 5

loop radius R, and the length B of the Burger’s
vector are assumed to be equal to 1nm and
Q'?~0.345nm, respectively. The dimen-
sionless sink strength factors Z; and Z, are de-
fined as

o 4m
ln(ndej)
Z, =(1+¢), ®)

7 =

5

where the parameter € = 0.03 is introduced to
take into account the slight preference of the
sink strength of interstitials over that for va-
cancies due to their higher elastic interaction
with dislocations [4], R, is the dislocation core
radius estimated as= B, p, is the mean disloca-
tion length per unit volume, which is assumed
in the following analysis to be equal to MFPR
initial density of 10'*m™; with this assumption

2. Uni-modal pore distribution

one evaluates Z, and Z; as 0.833 and 0.858,
respectively.

The vacancy boundary concentration is found as

¢ con 2 2p o

P

while T is the temperature, y is the surface
tension, P, is external pressure. The thermal
equilibrium concentrations are approximated
by Arrhenius correlation

¢t =exp(-EX/kT), (10)

where E7 =2.2eV and E =6.0eV [8] are

the activation energies. The other model pa-
rameters including the point defects diffusivi-
ties are specified in paper on p. 47.

It is reasonable to start examination of the model peculiarities with analytical consideration of the uni-

modal pore distribution. In this case the pores are considered of the same size and the sum ZC pRp

in Eq. (4) is replaced by C,R,, .

2.1. Variable Change

p

First, it is convenient to introduce new dimensionless variables:

s, (1) = (1),

s, () =c,(H)-c, (11)
s, =TcBRV21CV,,
/3
R
p :S/lvn :(CPVP )1/2 4_TCCPJ Rp =+, (12)
3 P,
where
1/3
p, = (13)
r {4nCp)

characterizes the pore separation. Then, neglecting the difference between ¢ and c¢? (which is valid

considering large pores with R, >> 1 nm) the system Eqs. (4, 6) is rewritten in the form
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ds

dt

ds »
" —(coipp+coi,s,)si -, (svs,. +c! sl.)+cof,

ds
7; = (O)VISV - O)ilS[)Sl + C/(”fa

@ — ©pS, WS Oy (14)
dt 3p 37

— eq 2
= —(mvpp+ mvlsl)sv -, (svsi +cf si)+(1—g)mf + 00,

1/3
s, t=0:0, s, ’=0:O, s, ,=0:O, P, =5 - (15)

In these equations the characteristic frequencies were introduced:
3D 3D, _2Z.D, 272D,

4 ]
©,

O =— =— (V) .
vp 2 0 2 9 vl b il
P, P, BR, BR,

o,=a(D,+D,), o,=zQG, oy =60QG/p,.

b

(16)

Typical values (at 7= 1250K and G = 10" m™s™) of these parameters are given in Table 1.

Table 1. Typical values of kinetic coefficients o,

X vp ip vl il a f KO

o, (s 2810°  1.910* 3.3.10° 23-10"  7.2:10% 82:10°  0.9-107

3

Pore concentration at initial swelling of 5% and R,=1pm is equal to 1.2:10"m> so that

p,=3.9-10"m.

2.2. Balance

The system Eq. (14) satisfies the balance condition:
ds, ds, ds, ds,
—_— —_— + PR S —

dr dt dr dr

from which it follows taking into account initial conditions Eq. (15) that

s, =5, (0) =5, (1) =5, (0) =0’ (1) =5, (1) 5, (1)~ (1. (1)

0, (17)

2.3. Exact solution for vacancy-interstitial subsystem
In absence of pores and vacancy loops Eq. (14) reduces to a system:
$,=—0, (svs,. +c)'s, ) +O,,

(19)

. o
§,=-, (svsl. +c; s,.)+cof.
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Solution is written as

o) c
=—tanh ) -
s, (7) - tanh (o (7 +87))+ n

a

Q) C
) - h Y
Sl(t) tan (O)(t+8t)) .

a

where

eq

(20)

eq

2
0= wi(ij +0,0, 2.5-10* s,
2

eq
1 20+o0.c”

ot =—In

eq
2 20-o0.c

It is seen that the characteristic time for va-
cancy-interstitial system is ~o"'~10"s, which
is several orders of magnitude less that the

20

(Da

¢ ~0.2. (21)

characteristic time of evolution of other intra-
granular objects.

2.4. Quasi-stationary approach for vacancy-interstitial sub-system

As follows from the above consideration, the
stationary conditions are quickly attained for
vacancy and interstitial concentrations. This
allows essential simplification of further
consideration. ~ Setting equal zero the
derivatives in the first and second equations in
Eq. (14) one gets a system of algebraic
equations:

eq —
0S8, +0, (svsi +c sl.)—oaf + Oy, =0,

s, + 0, (svsl. +cs, ) -0, =0, (22)

where
©,=0,p+0,s,

v

®; = 0,p+ 0y,
_ 2
O = Cl('of — OgoP - (23)

One of the variables (e.g., s;) can be excluded
subtracting the second equation from
the first one:
oS5 +0
g =V KO .

1

24)
.

1

With this substitution the system (22) reduces
to algebraic equation of the second order:

fosi+ fis,+ £, =0, (25)

where
Jo=o, (0311(0 -0, ) + 0,000,
f=0,0,+0, (mvch T o )a (26)
fr=0,0,.
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It is evident that the coefficients f; and f, are
positive while f, is negative. Therefore,
Eq. (25) has the only physically meaningful

solution:
RS VYA,
v 2ﬁ

To estimate the sought-for concentrations

taking into account the typical « values one
concludes that

o‘)v ~ ('Ovlsl’ (28)
®; & ;S

provided s; >> 10, Next, with the more strict
condition s,>>0.001 one derives neglecting
the equilibrium concentrations that

2
o= —0; 0,5, Siro,ou8, f,r0,0,s
and therefore ‘ /o f2‘<< £, This allows to
find explicit formulas:
So _ O o,

S, R—r=——, S~
fi ooy ;S

. (29)

Using these formulas one estimates the typical
values for s, and s; as 4-10° and 6-107"°,
respectively. These estimates indicate that
neither vacancies nor interstitials notably
contribute to the fuel swelling, which is
generally of a few percent.
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2.5. Vacancy loop and pore sub-system

2.5.1. Equations for s, and p

The remaining equations describe time de-
pendence of vacancy loop concentrations and
pore radius:

ds,
—=(03 s —w.s.)s +C,0,,
dt vi®y =i ! I=f
(30)
@_mvpsv—wipsi O
dt 3p 3

2.5.2. Stationary regime

At stationary regime for pores and vacancy
loops it follows from the equation for pore ra-
dius that

®,s, —o,s, =0 (32)

OO0

in which vacancy and interstitial concen-
trations depend explicitly on s, and p, see
Eqgs. (24, 27), the initial conditions being writ-
ten as

sl =0, =95"(0). 6D

as p approaches zero. However, it can be
shown that the approximate equality Eq. (32) is
valid under stationary conditions only for
vacancies and interstitials because of the two
terms tend to compensate each other. Indeed,
taking into account the above estimates one
derives that

ng(’oil ('Ovp (’in ('OIK() -

o, Z. o, ' o,

Taking into account that |0)l,(0|<(;103 , one

estimates ratio of the second term to the first
one in the rhs of this equation as

= SIS — ~

1

(33)

®,5, —0,8, 80,0,

£,/e~107 <<1. With this conclusion one

estimates the ratio of the two terms in the rhs
of equation for p of system Eq. (27) as

€BR,z <1

OroP Do ®,;S,P 4}\'nzvppslp

provided that ps, >>107 "It is seen that this

ratio depends neither on temperature nor
fission rate.

! Note that similar conclusions are generally not valid for
the third equation (for s;) in the system Eq. (14).

, (34)

This is illustrated in Fig. 1 where the strictly
calculated ratio Eq. (34) is plotted for wide
range of external conditions.
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Fig. 1. Ratio of the first to the second term in the rhs of equation for p, see Eq. (27), as function of the tempera-
ture and for different fission rates and pore swelling

2.5.3. Approximate solution

The above results allow deducing the approxi-
mate solution for time dependence of pore ra-

dius. Indeed, dropping the term
(covpsv —wipsi)/fip in Eq. (30) results in
p(1)=p(0)~ fo (1)l = p(0) -
0
6AnQ 6Anb (1), (35
—ijg(z)dt:p(o)_”—() (35)
p p 0 p P

where b is the burn-up (measured in number of
fissions per one U atom):

=Q[G(t)dt (36)
0

Turning back to the original variables, Eq. (35)
is re-written in form

R, (1)=R, (0)—6Anb(r).
In particular, if the fission rate is constant then
the pore radius linearly depends on time:

(37

R, (1)=R,(0)-6anQGr.  (38)
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In accordance with the above conclusions va-
cancies and interstitials do not contribute to the
fuel porosity, therefore the vacancy loop swell-
ing can be easily deduced from the balance
condition, Eq. (18):

Sz(t)z?c ( )
)

1- 67»nb(t +

~ 65, (0)Anb(1) (39)

> |-

+12(Anb(1)

Note that expressions Eq. (35) — (39) seem to
be universal ones depending only on the burn-
up; in particular there is no dependence on the
temperature. Also note, that the above
conclusions are valid provided the pore radius
is not too small. However the validity range
overlaps all reasonable values of the pore
swelling. These peculiarities are illustrated by
Fig. 2 in which the strict solution of Eq. (30) is
plotted for steady irradiation conditions at

=1250K, G=10"m’ " and different
Values of initial pore swelhng.
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Fig. 2. Time dependence of pore radius (left y-axis) and vacancy loop swelling (right y-axis) calculated with
initial pore radius

constant fission rate G = 10" m”s™ and initial pore swelling 0.05 and for three values, 0.1, 0.3 and 1 pm, of

3. Pore size distribution

rior and intergranular spaces so it is straightfor-

3.1. Experimental data on pore size distribution
ward to conclude that the vast majority of pores

The typical porosity in the fresh fuel sample is
shown in Fig. 3 borrowed from Ref. [10]. It is ! that the
seen that the pores are almost uniformly distrib- are located in grains interior.

uted over the sample occupying both grain inte-

in [11].

Fig. 3. Pore distribution in the fuel sample [10]

to pores) p, were performed
However, these data relate to the overall
65

The measurements of the relative pore vol-
ume distribution (swelling distribution due



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA

Tpyowr HEPAD PAH. Buinyck 5

pore distribution without distinguishing the
intra- and intergranular pores. Fig. 4 pre-
sents the distribution p, for the fresh and
irradiated (23 GWd/t) fuel over the pore size
classes ¢ defined as

c=10lg(d,/d,). (40)

where d, is the pore diameter and
dy=0.56 um. In this figure the distribution
for the fresh fuel is represented by two
curves corresponding to upper and lower
limits of experimentally measured porosity
(which is due to uncertainty in measured
initial density: 10.35+0.15 gcm™).

Pore diamer class, ¢

6 7 8 9 10 11 12
Lo

1.2 | | | | . |
as fabricated range-
1.0 9e3
0.8 i
X 10% limits
QT,, 0.6 (for upper as fabricated curve)

initial porosity = 5.6+1.4%

irradiated fuel
(23 Gwd/t)
rim zone
central zone

04 0B 08 10 12

04 -02 00 02 .
i Ig d,, mkm

d

right

Fig. 4. Pore volume concentration per pore size class [11]. The shaded area represents the uncertainty of distri-
bution for the fresh fuel

As seen, swelling distribution is concentrated
within a short interval of pore size class. This
is indicated in Fig. 4 by two vertical dashed
lines representing 10 % left and right limits for
the upper curve (corresponding to the upper
porosity limit for the fresh fuel), dieg = 1.1 um
and dyigh #4.1 um: 10 % of the total swelling is
due to pores with d, < d.n and, similarly, 10 %
is due to pores with d, > dyign . For other curves
the limits slightly differ from the cited values.
Note that one expects lesser reliability for

experimental results for both the left and right
tails of the distributions due to lack of statistics
and resolution of the experimental method. In
particular, only pores with diameters larger
than about 0.5 pm were considered in the pore
volume analysis [11].

Table 2 presents the total area below each curve
(i.e., the total swelling) as well the effective mean

pore radius R, = d 107 %7 /2

Table 2. Total swelling and mean pore radius for the distributions of [11]

Location Total swelling, % Rp , um

Fresh fuel (lower limit) 4.3 0.61
Fresh fuel (upper limit) 7.0 0.65
Irradiation 23 GWd/t, central zone 2.3 0.69
Irradiation 23 GWd/t, rim zone 2.6 0.69
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As seen, the fuel densification due to irradia-
tion is almost the same over the pellet corre-
sponding to the decrease of the total pore vol-
ume by a factor of 2-3. It is also worth noting
that the mean pore diameter before (especially
for the upper limit) and after irradiation is al-
most the same within the uncertainty interval
for the average pore size for the fresh fuel.

If p. is the distribution of the pore concentra-
tions, so that p.(R,)dR,, is the concentration of
pores with the radius from R, to R, +dR,, then

0.10 —

the above introduced distribution py(R,) is de-
rived as
4nR?
R )= u R ). 41
pS( P) 31n10p0( P) ( )

Using this equation and the above data on p, one
evaluates the pore concentration distribution,
which is plotted in Fig.5. The shaded area
represents the range that is definitely beyond the
experimental observation.

irradiated fuel
(23 GWd/t)
rim zone
central zone

as fabricated range

0.0 0.5

1.0 1.5 20

R, ,mkm

Fig. 5. Pore concentration distribution

As seen, the curves have the sharp maximum and
long tails. However, as discussed above, 90 % of
the total porosity corresponds to inequality
R,>dw/2~ 0.5um, the distributions being
monotonic within that range. The peculiarities of

pore size distribution are summarized in Table 3
where the contributions are given of different
pores sizes to the total number of pores (per one
grain with radius 5 um) and swelling.

Table 3. Pore size distribution of swelling (nominator, %) and number
of pores per one grain (denominator) for Assmann experiment

Pore radius range, pm

Location

0-0.5 0.5-1.0 1-2 2-4

Fresh fuel (lower limit)

Fresh fuel (upper limit)

Irradiated (23 GWd/t), central zone
Irradiated (23 GWd/t), rim zone

0.4/11.5 2.3/17.6 1.4/1.8 0.3/0.1
0.4/12.2 2.5/18.7 3.2/3.6 0.4/0.1
0.124  0.8/5.8 0.8/0.9 0.6/0.1
0.1/3.0 1.0/7.2 1.1/1.3 0.4/0.1

In accordance with the above conclusions, it is
seen from the table, that the first interval con-
tributes significantly the total number of pores
but insignificantly to the total swelling. Indeed,
25-40% of all the pores have radii less than
0.5 um, however in this range the data are
unreliable. In any case this range contributes
negligibly to the swelling (less than several per

cent of its value). Considering only pores with
R,> 0.5 um one concludes that the range 0.5—
1.0 pm represents 85-90 % of the large pores.
Therefore, the overwhelming majority of pores
are much less than the typical fuel grains. On
the other hand, one finds in average one pore
with R, ~ R, per a dozen grains.
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3.2. Models for pore distribution

Turning back to Fig. 5, it worth noting that all
the curves are similar to each other. This is
explicitly illustrated by Fig. 6, in which the
distributions are plotted in the logarithmic
scale. It is seen that within the interval
Rien 0.5 <R, < Rygny 2 pm  (which  domi-
nantly contributes to the swelling) the lgp,
almost linearly depend on R, implying the ex-
ponential decay of the distribution p, with the
size.

Moreover, the curves for irradiated fuel and for
the fresh fuel (upper limit) are almost parallel®.
This is in complete agreement with theoretical
consideration of pore size evolution presented in
the next section according to which the distribu-
tion function is translated with time leftward
along the R-axis. As for the region R, < Ries, the
abrupt dip of the curve seems to be related to
low experimental resolution.

1x10°
1x1 0—1 fresh fuel
upper limit
lower limit
T 1x10°
S
x~
£
< 1x10° N
irradiated fueel/
rim zon
1x1 0—4 central zone
1x10°
e T R B
0.0 0.5 1.0 1.5 2.4 2.5
: R, (mkm) i
Rt Rright

Fig. 6. Pore concentration distribution (logarithmic scale)

The simplest model taking into account the
peculiarities of experimental distributions can
be formulated in form

0
) (R ) ’ 14 < Rcutoff s (42)
¢ =3C -R,/R,
! R_(;e ’ Rp 2 Rcutoff °

where ¢y and R, are the fitting parameters and
Reuofr 18 the arbitrary cut-off radius that can be
chosen from 0 to Ry in accordance with the
above mentioned uncertainty of experimental
data for small pores. However, note that
although the variation of Ry Within the cited

range results in essential uncertainty in pore
concentration, the contribution to the total fuel
swelling is less than 10 % (cf. Table 3).

Distribution Eq. (42) is normalized to the total
concentration of the pores:

C, = j p(RMR=ce™,  (43)
where x = Reyorr / Ro. Mean pore radius <R,>,

volume <V,> and fuel swelling s, can be calcu-
lated as

* As for the curve representing the lower bound for the fresh fuel, it seems to be out of general ten-
dency and will be excluded from further consideration.
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<R,>=R,(1+x),

<V, >:8nR3[1+x+%x2+éx3j, (44)

s, =<V,>C, =8nR;c,e”” (l+x+%x2 +%x3)

Fitting parameters, ¢, and R, of Eq. (42) can
be found identifying the calculated C, and
<R,> with the corresponding data followed
from experiment. Table4 presents the
parameters calculated by approximation the
experimental curves for p. within the interval

0.5 <R, <2 um. Two limiting cases are consid-
ered: Reyorr =0 and Reyore = 0.5 um. The calcu-
lated mean values of pore radius (<R,>) and
the fuel swelling (<s,>) are also given
in the table.

Table 4. The mean values of pore radius calculated with distribution p,
for Assmann_experiment

Fuel sample co(um™) Ry (um)

Rcutoff =0

Rcutoff =0.5 pm

<R,> (um) 5, (%)

<R,> (um) s, (%)

Fresh (upper limit) 0.118 0.29
Irradiated, central zone  0.042 0.26

Irradiated, rim zone 0.049 0.28

0.29 7.3 0.79 6.6
0.26 2.0 0.76 1.7
0.28 2.6 0.78 23

It is seen that experimental mean radii are be-
tween predictions of the limiting cases (cf.
with Table 2). For different specimen locations
and irradiations, the mean radii are rather close
to each other, in agreement with the above
conclusion. As expected, in accordance with

3.3. Evolution of pore distribution

As has been shown in Section 2.5.3 the ap-
proximate solution for the pore radius can be
written in the closed form as

R (t)=R (0)-vt, (45)

with the effective velocity v defined as

v=Lg(1), (46)
where
L=2\n 47)
is the length factor and g(t) is the average
burn-up rate per one UO, molecule:

Eq. (44), <R,> is essentially greater for the
choice Ryorr =0.5 um than for Ry = 0.
Nevertheless, both the models predict the fuel
swelling in reasonable agreement with the
underlying experimental data presented in
Table 2.

z(1) z% [G(d-. (48)

Applying Eq. (45) to an individual pore one
concludes that the change of the pore radius is
determined only by the total number of fissions
per unit volume and do not depend on the ini-
tial pore size. In particularly, this means that
the evolution of the pore size distribution is the
parallel translation along the time axis as
schematically illustrated in Fig. 7 by example
of above introduced model with two limiting
values of parameter Ry .

69



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA
Tpyowr HEPAD PAH. Buinyck 5

R

cutoff

=05 Hm Rcutoff =0

RP RP
Fig. 7. Time dependence of pore distribution by example of model Eq. (42)

This result is in a perfect agreement with experimental data demonstrating the translation shifts of the
distributions along ordinate axis, cf. Fig. 6.

It can be easily shown that the time-dependent distribution of pore concentration can be written as

0, R <R, (1),
(R, 1) =L exp(-vr) ot (49)
R, exp(—R /R, )a R2 R0 (1),
where
R o (1) = max (O, R . — V1) (50)
The time dependence of the total pore concentration is written as
C (t) _ O]p (R t)dR =c e_maX(W’Rcumﬂ')/Rﬂ _ C (O) 1’ Vi< Rcutoff’ (51)
P b ¢ ’ 0 P e_(w_Rcumff)/RO , vt Z RCUtOff .
Equations (43) and (44) are also valid for time-dependent distribution with the substitution:
max(0,R_ . —vt
X(t) — ( cutoff ) ] (52)
RO
In particular, the fuel swelling is calculated as
— 8 R3 7maX(Vt’Rcutoff)/R0 1+ +l 2 +l 3 53
s, =8nR;c,e X 2x 6x . (53)
In the case of the R, = 0 these equations reduce to
C,(1)=C,(0)e™ =ce™,
R, (1)=R,, (54)
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Note that Egs. (45) — (47) can be used to tune
the length factor L = An fitting the experimen-
tally observed densification. From data of
Table 3 one estimates that L~ 10.7 um. In
particular, under conditions of Assmann’s test
Eq. (50) applied to Ry, is written as

Roe(f) =max(0,0.5-0.01185),  (54)

the burn-up b and radii being expressed in
GWd/t and pm, respectively. This equation
demonstrates that R . and therefore all other
mean values are time-dependent, provided
burn-up is less than the critical value:

b, =42 GWd/i. (55)
After that the mean radius holds constant whe-

reas the total concentration and swelling decay
exponentially.

The calculated dependencies of the pore mean
radius and fuel swelling due to pores are plot-
ted in Fig. 8. As seen, there are some
differences in initial coverage and swelling
between the two limiting choices of the cut-off
radius that quickly approaches zero with time
demonstrating contiguity of both the models in
description of the integral pore properties. This
demonstrates that both the models are close to
each other so the choice can be made basing on
conditions of numerical convenience.
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0 |

0 20
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Fig. 8. Time dependence of the mean pore radius and fuel swelling due to pores calculated with two limiting
values of the cut-off radius

Conclusions

Analytical examination has been performed of
the MFPR model of evolution of as-fabricated
pores under irradiation conditions taking into
consideration pore size distribution. It was
shown that the quasi-stationary treatment of
vacancy-interstitial sub-system is valid under a
wide range of conditions. This allows radical
simplifying the numerical realization of the
model. Moreover, the approximate solution has
been derived in the closed form of the equation
for the pore radius, which further increases the

efficiency of numerical scheme. Available
experimental data on pore size distribution
indicate that it can be approximated by
distribution of exponential type. In the lack of
the data the ambiguity still remains describing
the distribution of smallest pores resulting in
essential uncertainty in simulation of the pore
concentration in that range. Fortunately, small
pores make only minor contribution to the total
fuel swelling that can be reliably estimated in
the framework of the suggested model.
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Model for Grain-Face Bubbles Coalescence in Irradiated UO, Fuel

M.S. Veshchunov

Introduction

Kinetics of intergranular bubbles development
is the key determination of the fission products
release from irradiated UO, fuel and fuel pellets
swelling. For this reason, many experimental
investigations of bubbles growth and
coalescence have been carried out, that allowed
better understanding of these phenomena.
However, there is still no general agreement
what mechanisms are responsible for observed
coalescence of intergranular bubbles during
their growth under various conditions (steady
irradiation, annealing or transient).

Zacharie et al., on the base of their tests [1] per-
formed with pre-irradiated UO, fuel under high
temperature annealing conditions, assumed that
during heat treatment grain-face bubbles be-
came mobile, migrated at random on grain sur-
face and coalesced. Their model was later
improved by Berdyshev and the author [2] (see
also [3]) using the general theory of Krivoglaz
[4] for bubbles coalescence by random
migration on two-dimensional  surfaces.
However, in both models [1] and [2] the
effective bubble mobility evaluated by fitting
model calculations to measurements [1] turned
to be several orders of magnitude higher in
comparison with available data.

In a recent paper [5] White analysed an
extensive set of experimental data on
intergranular  porosity development in
various tests and proposed a new mechanism
for intergranular bubbles coalescence based
on consideration of the (immobile) nearest
neighbours growth and overlapping in a
random two-dimensional distribution of
bubbles. This mechanism allowed a reason-
able prediction of the critical grain-face cov-
erage of = 19 % at which the onset of bubble
coalescence occurs, however, further pro-
gression of bubbles coalescence by the pro-
posed mechanism was strongly overesti-
mated.

The mechanism considered by White will be
critically analysed and improved in the current
paper, and then compared with the other
coalescence mechanism proposed by Zacharie
etal. [1]. It will be shown that depending on
test conditions, each of these mechanisms can
determine kinetics of intergranular bubbles
coalescence during their growth and migration.

On the base of analysis of available
experimental data, a new general model self-
consistently considering both mechanisms will
be finally formulated.

1. Coalescence by growth of randomly distributed bubbles

1.1. Model formulation

As proposed by White [5], the onset of the in-
tergranular bubbles coalescence may be under-
stood on the basis of a simple argument
adapted to the two-dimensional case from the
work of Chandrasekhar [6] who calculated the
distribution of nearest neighbours in a random

three-dimensional array of particles. For
calculation of further bubbles progression, a
more general kinetic model for the bubbles
coalescence in the three-dimensional case with
consideration of a real bubble size distribution
function evolution developed by Mansur et al.
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[7, 8], was adapted to the two-dimensional
case in the mean-field approximation (with a
mono-modal  bubble size  distribution
function) [5].

Following this approach, it is assumed that
fission gas atoms diffuse to the grain
boundaries and are rapidly absorbed into the
bubble nuclei randomly distributed over the
surface. In the mean field approximation for
the face bubbles with the mean circular projec-

tion radius R(t) and the area 4 =nR* , each

bubble will be surrounded by a circle with the
radius 2R, in which no other bubble centres
can reside. Any bubble centre located in this
exclusion zone would find its perimeter within
the perimeter of the parent bubble and
coalescence would occur. Any further growth
of the mean projected area of bubbles by an
amount dA=2nRdR, effectively increases
the area of the exclusion zone by 4dA and
opens the possibility that 4 NdA bubbles may
be swept out by the parent bubble.

In that event the bubble perimeters will interact
and coalescence occurs. Considering each
bubble in turn, the total rate of loss of bubbles
by coalescence following an increase in area
is given by

dN =-2N?*dA
or
AN _ oA (1)
dt dt

where the factor of 4 is reduced to 2 to avoid
counting each interaction twice.

The obtained in [5] Eq. (1) correctly describes
a smooth growth of a bubble (by diffusion
sinking of gas atoms) up to the moment of its
coalescence with a neighbour, however, it does
not take into consideration an abrupt jump of
its size owing to coalescence. After averaging
over distribution of bubbles, such jumps will
disappear, however, effectively will enhance
the mean bubble size growth rate.

In the mean field approximation such
averaging procedure can be performed in the
following way. At first, in the lack of the bub-
bles diffusion growth, one can notice that
variation of the total occupied grain boundary
area (coverage) due to bubbles coalescence (by

any mechanism) is zero, d (NZ)/dt:O,

where A is the bubbles averaged projection
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area. This reflects the mass conservation law
for gas atoms (obeying the ideal gas state
equation, if R > 5nm) in equilibrium bubbles
in the course of their coalescence (see Section
2.1). Therefore, the coverage can increase only
owing to bubbles diffusion growth.

Indeed, in the case of non-zero bubbles diffu-
sion growth, the mass conservation law takes
the form

d(NA 1
—( )=Na—A, ()
dt ot
where
d(NA 7
WA)_ i, gV
dt dt dt

Here 04/0t denotes variation of the bubbles

mean projection area owing solely to bubbles
diffusion growth (considered in derivation of

Eq. (1)), whereas dZ/dt denotes total

variation of the bubble mean area owing to
bubbles growth and coalescence. In this new
notation Eq. (1) takes the form

AN _ A )
dt ot
Substituting Egs. (2) and (4) in Eq. (3), one
obtains
dA —\ 04
—=(1+2N4)—. 5
a NSO

Superposition of Egs. (4) and (5) yields

dN 2N?
—_—=— (6)
dA 1+2NA

This consideration is not valid at high coverage
S=NA, when probability of multiple
coalescence among three and more bubbles
becomes non-negligible leading to formation
of interconnected bubbles chains. It is
conventionally assumed that the onset of gas
release  through bubble interconnection
commences after attainment of the saturation
value S"~0.5. After this the total amount of
gas atoms in the bubbles is not anymore
conserved, so, Eq. (2) is not anymore valid. In
this stage the bubbles coalescence obeys the
saturation coverage condition:

NA=0.5 (7)
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or
d(NA 7
(V) _ v 3V o o
dt dt dt

1.2. Model solution

An explicit solution of Eq. (6) can be searched
in the following way. Substitution of Eq. (5)
into Eq. (2) yields

d(NA) N dd

di 1+2NA dr

or
d(NA) N 1 NA
dA  1+2NA A1+2NA’
or
d(N4)  NA ©
d(lnd) 1+2N4’
Solution of Eq. (8) has the form
NA = N, 4, LML
2 N )

or

N =N,exp(-2(NA-N,4,)). (10)

This implies that variation of N, / N is much

slower than predicted by Eq. (1). Indeed,
analysis of Eq.(10) shows that in the case

N,4, =0, N,/N varies from 1 (when

instead of Eq. (6), since the diffusion flux
J e (t) flux from the grain bulk to the grain

boundaries is completely transferred into open
porosity via interconnected face bubbles
(see Section 3).

NA = NOZO) to e~ 7.4 (when formally

NA —1); the saturation value NA =0.5 is
attained at N,/N =e~2.7, whereas Eq. (1)

erroneously predicts variation of
N, /N within several orders of magnitude,

as shown in Fig. 6 of [5].

Therefore, coalescence by the proposed
mechanism is not strong and provides only ~ 3-
fold reduction of the bubbles surface
concentration N before attainment of the
saturation coverage. In this situation, an
enhanced face bubbles coalescence observed
under normal irradiation conditions [9] and
characterised by 1-2 orders of magnitude
reduction of N, may be explained by another
mechanism considered in Section 2.

On the other hand, as above explained, after
attainment of the saturation coverage =~ 0.5,
Eq. (9) is not anymore valid. During the
saturation stage the variation of N becomes
significantly steeper, as seen from Eq. (7):

N=0.54". (11)

This case will be considered in Section 3.

2. Bubbles coalescence by random migration

2.1. Model formulation

In order to explain the observed kinetics of grain-
face swelling under annealing conditions,
Zacharie et al. [1] assumed that during heat
treatment face bubbles became mobile and
migrated at random on grain surface, and then
coalesced. The theory of coalescence of bubbles
in a two-dimensional array based on the analysis
of the bubble size distribution function evolution
was developed by Krivoglaz [4]. Apparently
lacking these theoretical results, the authors [1]
attempted their own approach to the same

problem. Despite that their new calculations were
rather cumbersome, Zacharie et al. managed to
reproduce the main kinetic dependencies of
bubble concentration and size on time in a
qualitative agreement with the general theory [4].
As a result, an explicit equation for intergranular
swelling as a function of treatment time and
temperature was derived in their work. This
equation provided a good description of the
measured swelling values after fitting of the
main model parameter (bubble diffusivity).
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In the subsequent paper of Berdyshev and the
author [2] the general theory [4] for the
bubbles coalescence kinetics was adapted to
the two-dimensional case in the mean-field
approximation (with a mono-modal bubble
size distribution function), and the main
analytical results of [1] were deduced in a
more straightforward and simple way (see
also [3]). This allowed elimination of some
inconsistencies in the approach of [1] and
improvement of the model predictions.

However, in both models [1] and [2] the
effective bubble diffusivity evaluated by fitting
of the model predictions to the experimental
data [1] turned to be several orders of
magnitude higher in comparison with the
conventional data for the bubble diffusivity.

Indeed, the diffusion coefficient D, deter-

mined by the surface diffusion mechanism
(apparently the most rapid and thus rate deter-
mining for UQ,) of spherical intragranular
bubble migration was evaluated by Shewmon

[10] as D, =3D.Q"’ [2nR}, where D, is
the surface self-diffusion coefficient, R, is the
bubble radius, Q~4.1-10¥m’ is the atomic
volume. For lenticular grain face bubbles with
the semi-dihedral angle 0 ~50° and the pro-
jection radius p, = R, sinO the bubble diffu-
sivity depends on the migration direction. In
the case of migration in the direction of the
grain boundary relocation (perpendicular to the

grain boundary), the bubble diffusivity was
recently calculated by the author as

D, =(3D,Q"* [2mp})-sin* 6/(1-cos’ 0) ~
~ 3DSQ4/3/47tp2

[11]. A similar calculation for bubble mi-
gration along the surface of the grain
boundary yields

D O3 D O3
D, = 3“'—4sin6 ~0.77 33—4 (12)
2mp, 2mp,

The data for the surface diffusion coefficient
obtained by mass transfer methods give the
following relationship for the surface diffusion
coefficient of uranium atoms [12]:

D,[m[s]=50-exp(~450000/RT), (13)

with 1473 < T<2073K and R in J-mol™-K"".
Despite the values of D, from Eq. (13) have

been estimated by Matzke [13] to be within an
experimental scatter band of 2 orders of
magnitude for the temperature range examined,
they provided a very low mobility (by several
orders of magnitude) of face bubbles in
comparison with the mobility necessary for
correct description of Zacharie’s observations
[1] by the proposed random migration
mechanism (see [3]).

On the other hand, results of the tracer studies
of Marlowe and Kazanoff [14] corrected by
Olander [15] were confirmed by Zhou and
Olander [16] giving much higher values for the
surface diffusion coefficient D, (e.g., 5 orders
of magnitude higher than predicted by Eq. (13)
at 1988 K) with a pre-exponential coefficient
of DO~5-1O2 m*/s and an activation energy of
300 £ 60 kJ/mol. The latter value is in a rather
good agreement with the value of 310kJ/mol
obtained by Zacharie etal.[1] for the
activation energy of random migration of grain
face bubbles. This value of the activation en-
ergy was also used in fitting calculations [2, 3]
with the pre-exponential coefficient of

D,~10°m%/s, however, with a somewhat
slower dependence of the bubble diffusivity
from the bubble projection radius, ocp,j“,
which is avoided in the current model formula-
tion, Eq. (12).

For this reason, it is attempted to use for the
surface diffusion coefficient D, the following

Arrhenius correlation, based on the evaluation
[16] and consistent with the activation energy
measurements in [1]

D, [mz/s] =D, -exp(—%} =5.10° exp(— 311(:(;00) =5-10 exp(—%j . (14

Nevertheless, one should keep in mind that the
surface diffusivity from Eq. (14) is extremely

high, e.g., at 1988K D, ~3.6:10°m’/s is
comparable with the gaseous Xe self-
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diffusivity; therefore, rather exotic
mechanisms have to be engaged to ground this
option [15, 16]. Furthermore, mobility of small
bubbles (with radius up to 10nm) in UO,
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directly measured in various tests [17-19] is
suitably described by the surface diffusion
mechanism with the standard surface
diffusivity from Eq. (13) [20], being therefore
in remarkable contradiction with Eq. (14).

In the mean field approximation (considering
only the mean bubble size) variation of the
surface concentration of face bubbles N due
to coalescence obeys the rate equation [2, 3]

dN .
—=-o_,N". 15
dt cls ( )

The coalescence frequency of bubbles ran-
domly moving on a surface can be represented
by the formula derived in [4]

o 8D,
o ln(Dhro/Zpi)

which is valid with the logarithmic accuracy
|ln S| >>1, where

~8naD,, (16)

under  condition
S=AN =p, / R’ is the surface coverage,
R, ~(nN )71/2 is the radius of the bubble sink-

ing zone, T, is the characteristic time of the
two-fold increase of the mean bubble projection
radius p, , evaluated as 1, = R’ / D, . Being a
weak (logarithmic) function of its argument, the

parameter Ol ~ |1n S |71 slowly varies from 0.15

dN _ 120D,Q" sin 0

N Nip;
which has the solution:
N 270D.Q"’N
=14 SRR S0 (). (19)
Po

This solution (valid wunder simplifying
condition, Eq.(17)) corresponds to the
considerations in the previous papers [1-3].

In a more general case, when the saturation
coverage is not attained, Eq. (17) should be
substituted by the mass balance equation:

d(N-N,)

=2 (20)

where J d,.f(t) is the diffusion flux to a grain

boundary from each of two neighbouring grains,
N, is the mean number of gas atoms in a face

bubble. In neglect of the external pressure in com-

to 0.4 at low coverage (from 0.001 to 0.1) and
will be approximated by a constant value ~ 0.2.

At first, the simplest case with invariable grain
face coverage is considered:

NA = Nﬂ:pi =const = N()Tl?pf) = N()Ao ., (17)

where N, and p, are the initial concentration

and mean projection radius of bubbles at the
moment %, respectively. For instance, this case
is realised in the lack of the diffusion flux from
the grain bulk to the grain boundaries.

A more realistic realisation of Eq. (17) appears
after attainment of the saturation coverage

S*~0.5, when the diffusion flux is com-
pletely compensated by the release flux into
open porosity; however, in this case the condi-

tion |lnS|z0L_1 >>1 of applicability of

Eq. (16) is not valid. This implies, in particu-
lar, that formal extension of the model to con-
sideration of high-temperature annealing tests
(in which the saturation coverage is sustained)
is not completely reliable. Nevertheless, it will
attempted below (in Section 2.2), in order to
consider this situation approximately.

The system of Egs. (12) and (15)—(17) results
in the equation

dt ~ ————dt, (18)

parison with the internal bubble pressure
B, =2ysin0/p, , it obeys the ideal gas state law

(if p, approximately > 5 nm):

v =BV _8mp;

21
e= o =z ©0) @b

where

0(6)= (l ~1.5-c0s0+0.5-cos’ O)sin’2 0~0.29
for lenticular bubbles, y ~ 1 J/m” is the surface
tension [21].

Therefore, integrating Eq. (20) one obtains

Np; =Ny + f (1), (22)

3kT !
= \|J.. d
4ny(p(9).[ dif (t) Zs

)

where  f (t)
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or, in accordance with Eq. (2):

N@A _3kT
ot 4y (6)

After substitution of Eq. (22) in Eq. (15) one
obtains the equation

dlf (t) (23)

2.2. Analysis of experiments

Microscopic behaviour of intergranular bubbles
under steady irradiation conditions was ob-
served by Kashibe and Une [9]. The specimens
were taken from UQO, pellets irradiated in
commercial BWR (burn-up: 6-28 GWd/t) at a
point between the fuel rim and middle. Grain
face bubble concentration and fractional
coverage were examined by scanning electron
microscope fractography. In addition, radii of
face bubbles were also evaluated. The
irradiation temperature at the location of the
specimens may be evaluated as ~ 1500K from
their maximum linear heat generation rates
(between 300 and 370 W/cm). The grain sizes
of the fuel and irradiation rate were
approximately equal to 9um and 1.8
10" m7s™', respectively. During irradiation
the concentration of the intergranular
bubbles at first increased owing to bubbles
nucleation from ~1.6-10°m™
~16 GWd/t) to ~410"m™? (at burn-up ~
23GWd/t) and then dropped to ~ 1.6-10"”m™
(at burn-up ~28 GWd/t). The mean bubble
projection radius increased from ~ 20 nm at

23GWd/t  to ~110nm at 28 GWd/t, and
fractional coverage correspondingly increased

(at burn-up

from ~5% to ~10%. Therefore, one can
4/3 3
1+ 270D Q" N, 0 Af < N; Ny
4p0 N

or

27aD.Q*N, )" N,
1+ —OAZ <=
4p0 N

For the test conditions (7=1500K,

N,~410"m?), Egs.(28) and (14) yields

60<N,/N <10, or 410" m*<N<610"m? in

a reasonable agreement with the measured value
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D, O3 / -2
d_]\i:_9oc (1+f(zj da, (24
N Nypy Nypy

which has the solution:

No _qy 270(DNQ‘”3'1
N’ Po

+f(t2J dt. (25)
N, 0

o oP

conclude that the bubbles coalescence prevailed
over generation of new bubbles on grain faces
in the late stage of irradiation (from 23 to
28 GWd/t). This is in a qualitative agreement
with the assumption of White [5] that, once
coalescence of face bubbles occurs, the
geometric size of the initial population would
tend to absorb any newly nucleated bubbles
giving the effect that the nucleation was a one-
off process.

In order to simulate the bubbles coalescence
during irradiation period between 23 and
28 GWd/t, the following parameters of Eq. (22)
are chosen in accordance with the above
presented experimental data:

ty~6:10"s, 1, ~7-10"s and f(t,)~ N,pe,
since N (7, P, (1)~ 2N,p;.

Owing to monotonic growth of the function
f (t), one can evaluate for this case:

ty -2
£< J.(HLQJ dt<At, (26)
4 Nypy

f
where Af =1, —1,. Therefore, from Eq.(25)

one obtains

4/3
Ny, 270DQ N, ? No ps 27)
Po
43 /3
{1 L?Nw] . (28)
Po

N=1.610"m> Some underestimation of the
final concentration might be connected with
unaccounted new bubbles generation during the
considered period, and/or with the above discussed
uncertainty of the used correlation for the surface
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diffusivity, Eq.(14), as well as uncertainty in
evaluation of the parameter o in Eq. (16).

Therefore, one can conclude that the coales-
cence mechanism might be effective in the
steady irradiation tests [9], in which face bub-

bles were relatively small, p,< 0.1 um.

However, under high-temperature annealing
conditions when the mean bubble radius
rapidly increases during heat-up stage and

exceeds 0.1 pm, the bubbles mobility (cc p;4)

decreases making this coalescence mechanism
less effective.

Indeed, for the annealing tests [1] (described in
more detail in the next Section 3) the model for
bubbles coalescence by their random migration
apparently underpredicts the coalescence rates
measured at temperatures 1683—1988 K, even
if the same correlation, Eq.(14), which
provides a reasonable agreement with the
steady irradiation tests, is used.

At high temperature 1988 K in the period from
the initial moment 7,=3-10s to the final mo-

ment 7,= 3.6-10*s the mean projected bubble

1.8 T=1988 K

16- \

14

1,2-
1,0-
0,8- \
0,6- >\.\

0,4 A

Bubbles surface concentration, 10°m?

radius p, increased from ~ 0.3 ym to ~ 0.7 um

and the surface concentration of bubbles N de-
creased from ~1.7-10”m™ to ~0.34-10"” m™,
the coverage being fairly constant ~ 0.49—0.55
and rather close to the theoretical value of the
saturation coverage 0.5. Application of
Eq. (19) to the annealing test conditions results
in a notable underestimation of the bubble coa-

lescence, N,/N ~1.46 and p,/p,~1.21, in

comparison with the experimentally measured
values =5 and 2.3, respectively.

The agreement with the measurements can be
somewhat improved by formal extension of the

parameter oL & |ln S |_l (which should be <<I)

from 0.2 (corresponding to low coverages)
to 1. The best fit to experimental data can be
obtained, however, only by multiplication of
the surface diffusivity, Eq.(14), by an
additional factor of 50, Fig. 1. This apparently
brings the surface diffusivity value out of the
physically grounded limits (see remarks
presented after Eq. (14)).

A Experiment
—— Calculations, o =0.2
- - - Calculations, o =1
—-=+ Calculations, sz50

-~ o
-~
-

-
-

v 1 i 1
0 100 200

1 v T v 1 v T
300 400 500 600

Treatment time, min

Fig. 1. Variation of the bubbles surface concentration with the treatment time at the annealing temperature
1988 K in the tests [1]. Comparison of measurements with calculations using the random migration mechanism
for bubbles coalescence with two values of the model parameter
a = 0.2 and 1, and with the surface diffusivity increased by a factor of 50
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The model underestimation is also strong at
lower temperatures, e.g., during annealing at

1818K from 7,=1.8:10°s to 7,=3.6-10"s (at

almost constant coverage 0.48—0.56) the calcu-
lated values are N,/N~1.2 and p,/p, ~ 1.1,
whereas the experimentally measured values
were ~ 2.6 and 1.6, respectively. Similarly to
the case of 1988 K, the best fit is attained only

by multiplication of the surface diffusivity by a
factor of 30, Fig. 2.

It is clear that application of a more widely used

T=1818 K

Bubbles surface concentration, 10"°m?
N
L
/

correlation for the surface diffusion coefficient,
Eq. (13), instead of Eq.(14) will completely
suppress the bubbles coalescence rate.

Therefore, the other coalescence mechanism
by growth of randomly distributed bubbles
(presented in Section 1) will be reconsidered
for annealing conditions as a complementary
approach. As mentioned in Section 1, being
rather weak at low coverage, this mechanism
becomes much more effective after attainment
of the saturation coverage that is typical for the
annealing conditions.

A Experiment
—— Calculations, «
- - - Calculations, o

D

D alandatinma
waivuiativiis,

Y,
-~
-~
-
~ .-

1 T
0 100 200

T T T 1
300 400 500 600

Treatment time, min

Fig. 2. Variation of the bubbles surface concentration with the treatment time at the annealing temperature
1818K in the tests [1]. Comparison of measurements with calculations using the random migration mechanism
for bubbles coalescence with two values of the model parameter oo = 0.2 and 1, and with the surface diffusivity

increased by a factor of 30

3. Bubbles coalescence at the saturation coverage

3.1. Model formulation

As above mentioned, consideration of the
grain-face bubbles coalescence mechanism
presented in Section 1 is valid until coverage
attains the saturation value ~0.5, i.e.,

NA <£0.5. In accordance with the percolation
mechanism [22], after attainment of the
saturation coverage manifested by face bubbles
interkinkage and formation of channels (or
bubble chains) on grain faces interconnected
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with open porosity (at grain edges), gas release
(venting) from face bubbles through the
channels commences.

Owing to gas venting (with the flux denoted as

J

out
in a smaller amount of bubbles diminishing the
mean surface concentration of bubbles with a
rate denoted as ON/Ot, thus reducing the

(t)), the chains collapse and disintegrate
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grain face coverage (proportional to total
amount of gas atoms in bubbles) below the
saturation value.

Since face bubbles continue to grow owing to
the diffusion flux from the grain bulk

2J ¢ (t) , the saturation coverage and bubbles

interlinkage quickly reinstate and the processes
of gas venting and bubble chains collapse re-
peat, and so on, keeping the mean coverage
close to the saturation value, while the mean

bubble size A (t) continuously increases
(however, with a decreased rate).

In this case, instead of Eq. (2), which is not
anymore valid because of gas venting, the
mass balance equation in the mean field ap-
proximation takes the form

d(NA 71 _
A UL 7 e
dt ot ot

and, instead of Eq. (23):

29’
3kT (&%)

B 8yq)(9)

where, as before, d4/0t denotes the bubbles

diffusion growth rate and ON/Of denotes

variation of the bubbles surface concentration
owing to chains collapse (as above described).

(2Jdif _‘]out)’

In the simplest approach one can assume that
the venting flux J,

out

(t) is completely bal-

anced by the rate of bubbles vanishing in the
process of chains collapse, i.e.,

o =—(3kT/8v0(0)) 40N for. 1 his

case, as results from Eq. (29), the diffusion
growth of the bubble mean size is not violated
and obeys Eq. (23) as before. However, as will
be shown below, in this case the model
significantly ~ overestimates the bubbles
coalescence rate.

More generally one should assume that only
some part B <1 of the release flux corre-
sponds to bubble vanishing, i.e., BJ , =

= —(3]{T/81((p(9))71 Z@N/at , whereas the
other part (I—B) of the flux reduces the size

of non-vanished bubbles in the chains. In this

case the diffusion growth rate of the bubble
mean size A is also violated, i.e.,

(3KT/8y(0)) " NoA o1 = 2, ~(1-B) .-
as can be deduced from Eq. (29°).

On the other hand, in this stage bubbles
coalescence additionally obeys the saturation
coverage condition:

NA=0.5 (30)

or

d(NA) dd —dN
( ):N—+A—=0. (30”)
dt dt dt
Under condition of the invariable coverage,
Eq. (30’), corresponding to conservation of the
total amount of gas atoms in grain face bubbles

(see Section 2.1), the diffusion flux 2Jg; (7)
to the grain boundaries is completely trans-

ferred into open porosity via interconnected
face bubbles and thus is compensated by the

release flux Jom(t), e, 2Jy (t):Jout(t).

Therefore, the mass balance equation, Eq. (29),
can be represented in the form:

d(NA 1
(T):N%A‘
3tkT l G
~ B2 (£)=0
B4vcp(9) (1) =0

instead of Eq. (23). The model parameter 3
effectively describes in the mean-field
approximation a rather complicated process of
gas venting and for this reason cannot be
determined mechanistically in the current
approach. Therefore, it will be determined
below by fitting the model calculations to the
experimental data.

The coalescence rate equation, Eq. (4), based
on consideration of the couple coalescence
with the nearest neighbours, at saturation cov-
erage should be supplemented with an addi-
tional term describing the bubbles coalescence
rate owing to channels formation and collapse,

denoted above as ON/ot

N _ e AN (3
dt ot ot
The system of equations, Egs. (29)—(32),
completely determines the evolution of face
bubbles during coalescence at the critical
coverage. Indeed, superposition of Egs. (29),
(30”) and (32) yields
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a“_ (1+2NZ)%: 26—A, (33)
dr o ot

and taking into account from Egs. (30) and
(30°) that

aN _ oy : (34)
dt dt
one obtains a relationship
AN _ 424 (35)
dt ot

Substitution of Eq.(31) in Eq.(35) finally
results in a new coalescence rate equation:

dN _ 3BkT

N 19(6)
which has the solution
N 3BkT’
In| — |=———F= |Jy (t)dt =
(Noj w(@),nI ar ()

__3PAT (37)
70 (0) (1),

T (1) dlt, (36)

3.2. Analysis of experiments

Detailed experimental study of the bubble
growth and coalescence kinetics under anneal-
ing conditions was carried out in [1]. In these
tests the intergranular swelling for similar
base-irradiated samples, was measured at vari-
ous annealing times along with observations of
the grain face microstructure evolution.
Unstressed samples of uranium dioxide taken
from the pressurised water reactor fuel after
two normal operating cycles, i. e., with burn-up
of ~25GWd/t, were subjected to thermal
treatment in a laboratory furnace at
temperatures between 1403 and 1988 K for
duration between 5 min and 10 h. During
irradiation stage fuel core temperature did not
exceed 1373 K. The variation of the quantity of
fission gas released over time was measured at
each temperature. The samples were also
subjected to a series of isothermal swelling
measurements. Their comparison provides in-
formation on the intergranular, intragranular,
open and closed porosity.

It is straightforward to evaluate from the test
data that the saturation coverage ~ (0.5 was

attained very quickly, at least after 3-10°s at
1988 K, and then kept fairly constant. As indi-
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where F(t)= .[Jdif (¢)dt

or

. (3%

NN

Nﬁ = exp(—4n[3f(t)) =

0

where

10 a0

=41ty(p(

3kT !

= (U, (1)ar.
4ny(p(6),~[ ar (1)

0

Therefore, the concentration variation is char-
acterised by a rather strong (exponential) de-
pendence on gas release and thus can be sig-
nificant under heat-up conditions of high-
temperature annealing or transient tests.

cated in Section2.2, at high temperature
1988 K in the period from the initial moment

t,=3-10’s to the final moment tf=3.6-104s

the mean bubble projection radius p, in-

creased from ~0.32pum to ~ 0.7 um and the
surface concentration of bubbles N reduced
from ~1.7-10”m™ to ~0.34-10”m™ During
this period gas release, which is proportional to
F(t) (defined in Eq. (37)), varied from = 10 to
~30% and thus made up = 20 %. Taking into
account that the fuel burnup was estimated in
[1] as 25 GWd/t equivalent to the total fission
gas atoms generation ~1.6-10°m”, and the
mean grain diameter as 9.3 um, one can
evaluate that / (t) attained ~ 0.5-10*’m™ in this
test. Substituting these values in Eq. (38) and
using the maximum value of the model pa-
rameter P=1, one can find that at

1= 3.6-10%s reduction of the bubbles concen-
tration is overestimated by one order of magni-
tude (NO/Nz 36 instead of = 5). To avoid this

strong overestimation, one should choose a
smaller value of B = 0.46, see Fig. 3.
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1,01
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Bubbles surface concentration, 10"°m™

1oy 7=1988 K
1,4 1

—A— Experiment
- A~ Calculations, p =0.46

0 100 200 300

400 500 600

Treatment time, min

Fig. 3. Variation of the bubbles surface concentration with the treatment time at the annealing temperature

1988 K in the tests [1]. Comparison of calculations using

the coalescence mechanism by growth of randomly

distributed bubbles with the model parameter 3 = 0.46 against two sets of experimental data for gas release
during coalescence at the critical coverage

At lower temperatures the agreement is also
reasonable, for instance, at 1818 K in the in-

terval from 7,=3- 10°s (when the coverage
attained the saturation value) to 7,= 3.6-10%s

gas release was =~ 6%, therefore, F (t) at-
tained ~ 0.15-10* m™ in this test. In this case

% 20 T=1818 K
= 1,8
~

S

T 161
3

S 1,4-
o

o

8 1,24
©

1S

» 1,04
[72]

o

2 0,84
3

om

Eq. (38) with the same  parameter
B =0.46 predicts decrease of the concentra-
tion N,/N~ 1.6 and increase of the mean
bubble projection radius p,/p,~ 1.3,

whereas the measured values were = 2.6
and 1.6, respectively, Fig. 4.

—A— Experiment
- A-  Calculations, Xe
--O-+ Calculations, Xe+Cs

1 T 1
0 100 200 300

1 T T
400 500 600

Treatment time, min
Fig. 4. Variation of the bubbles surface concentration with the treatment time at the annealing temperature
1818 K in the tests [1]. Comparison of measurements with calculations using the coalescence mechanism by
growth of randomly distributed bubbles ([ = 0.46) with and without consideration of Cs release during coales-
cence at the critical coverage

Further improvement of the model predictions
can be obtained by additional consideration of
evaporation of chemically active elements

(mainly Cs) into bubbles at grain faces that can
notably ~ enhance  the  source term

Jout (t) =2J 4 (t) at annealing temperatures
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(by adding the evaporation flux Jevap (t) , l.e.,
2J ¢ (t)—)ZJdif (t)+J (t)) and thus

evap
increase [ (l‘) in Egs. (37) and (38), resulting
in the enhancement of the bubbles coalescence

rate. This is illustrated in Fig. 4 by the second
(dashed) calculated curve, where it is assumed

S evap (t) ~J (t), since normally in the an-
nealing tests the Cs release is comparable with
the gas release.

This model improvement (along with the final
fitting of the parameter ) can be realised by
adequate calculation of Cs release after

2,2 -

2,04
1,8 1
1,6
1,4 -
1,2 1
1,0 1

0,8 4

Bubbles surface concentration, 10" m?

T=1903 K

implementation of the model in the MFPR
code [3] designed for mechanistic calculation
of fission products (FP) release with self-
consistent consideration of FP chemical inter-
actions and fuel microstructure evolution
(see Section 4).

At temperature 1903 K a similar release
~ 5-6% occurred during a shorter annealing
period from 3-10°s to 1.8-10%s. During this
period variation of concentration predicted by
the model with and without consideration of
evaporation flux shows the same tendency as
at 1818 K, see Fig. 5.

At the lowest test temperature 1683 K the
concentration was measured only at two
moments and the saturation coverage was not
attained in the first measurement point
(§<0.4); for this reason, calculation of this
test was not attempted.

—A— Experiment
- A- Calculations, Xe
--O-- Calculations, Xe+Cs

T T
0 100 200

T T T
400 500 600

Treatment time, min

Fig. 5. Variation of the bubbles surface concentration with the treatment time at the annealing temperature
1903 K in the tests [1]. Comparison of measurements with calculations using the coalescence mechanism by
growth of randomly distributed bubbles ([ = 0.46) with and without consideration of Cs release during
coalescence at the critical coverage

4. General formulation of the coalescence model

In the general case one should consider su-
perposition of the two coalescence mecha-
nisms by random bubbles migration and by
bubbles growth. In this case probability of a
bubble coalescence with its neighbours during
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time interval df is the sum of probabilities of
two independent events described by Egs. (4)
and (15), respectively. Therefore, the bubbles
coalescence rate at low coverage in the mean
field approximation takes the form



Model for Grain Face Bubbles Coalescence in Irradiated UO, Fuel

M. S. Veshchunov

‘;—]j =-2N’ = o, N (39

Substitution of Egs. (23) and (24) in Eq. (39)
yields

dN 3kT

=N Jy (t)_

dt 27¢(0)

2 4/3 / -2
s i (1)
Ny 4, Nod, ) ,
if NA<0.5. (40)

At the saturation coverage Eq. (39) should be
supplemented with the additional term describ-
ing the bubbles coalescence rate owing to
channels formation and collapse from Eq. (32):
dN 04 ON
—=-2N"——w, N +—. (41)
dt ot ot
In this cases superposition of Egs. (41), (29)
and (30°) yields, instead of Eq. (35):
dN 04

7:_4N28__0)61SN2’ (42)
t t

Conclusions

Two different mechanisms of grain-face bub-
bles coalescence in irradiated UO, fuel pro-
posed by Zacharie et al. [1] and White [5] are
critically analysed and further developed. The
first mechanism is based on consideration of
random migration of bubbles over grain faces
[1], whereas the second mechanism is based on
consideration of growth and impingement of
randomly  distributed  (immobile) face
bubbles [5].

The coalescence of face bubbles due to their
random migration is reconsidered on the base of
the general kinetic theory [4]. This allows
elimination of some inconsistencies in the
modelling approach of [1] and improvement of
the model predictions, especially in the case of
continuous bubbles growth owing to absorption
of gas atoms. The extension of the model to this
case allows modelling of bubbles coalescence
under irradiation conditions. In particular, it is
shown that the migration mechanism can be
effective for steady state irradiation conditions
studied in the tests [9], however, is apparently

which after substitution of Egs. (30) and (31)
takes the form

d_N = —NB?’k—TJdif (t)—
dt 19(6)
-36m*aD Q" N*,
if NA=0.5. (43)

The source term J (t) should include also

evaporation flux of chemically active elements
(first of all Cs) from grain boundaries into
bubbles, as explained in Section 3.2.

The model in the form of Egs. (40) and (43),
will be implemented in the MFPR code
developed for mechanistic modelling of fission
product release from irradiated UO, fuel [3].
This will allow self-consistent calculation of
bubbles growth and coalescence in the course
of fission products generation and release in
various regimes (including transients) and, in
particular, a more adequate comparison of the
model predictions with the above described
measurements. This work is foreseen in the
nearest future.

insufficient for description of high-temperature
annealing tests [1].

On the other hand, the improved mechanism of
coalescence by growth and impingement of
randomly distributed bubbles predicts rather
weak decrease of face bubbles concentration
under steady state irradiation conditions,
however, becomes effective for simulation of
high-temperature ~ annealing  tests  with
noticeable gas release. After attainment of the
critical coverage, formation of channels on
grain faces (interconnected with open porosity
at grain edges) and their collapse owing to gas
venting from face bubbles through the
channels efficiently increase the bubble
coalescence rate. In this case the bubble
concentration variation is characterised by
arather strong (exponential) dependence on
gas release and thus becomes significant under
heat-up  conditions of annealing or
transient tests.

As a result, the general coalescence model
which includes superposition of both
mechanisms is formulated and proposed for
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implementation in the MFPR code [3], of grain face bubbles coalescence and fuel
designed for mechanistic description of fission swelling under various operation conditions of
products release and fuel microstructure nuclear reactors (steady irradiation, transient
evolution; this will allow adequate modelling and post-irradiation annealing).
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Modelling of Fission Gas Release from Irradiated UO, Fuel under
High-Temperature Annealing Conditions

M.S. Veshchunov, V.E. Shestak

Introduction

As shown in the authors papers [1-3], in the
absence of irradiation in the annealing stage,
the subsystem of point defects (vacancies and
interstitials) rather quickly attains its equilib-
rium state (c,; = ¢, ), if point defect sources
(growing dislocation loops) are uniformly
distributed in the bulk of the grain. For in-
stance, the relaxation time for point defects at
the annealing temperature 1500 °C can be

-1
estimated as T, ~ (kaf ) ~10°-10"s,

where D, ~ 10'°-10° cm?/s, is the thermal
value of the vacancy diffusion coefficient and

kv2 ~10''-10" cm?, is the total sink strength

for the point defects. A more slow process
of the bubble growth occurs owing to the
gas atom and point defect diffusion
transport to bubbles. Since Dyc, << D,,
where D,~ 10" - 10" cm?s is the thermal
value of the uranium self-diffusion coefficient,
D, and ¢, are gas atom diffusivity and
concentration, respectively, the gas transport
determines the bubble growth rate during the
initial period of the annealing stage. Despite a
relative slowness of this process (in compari-
son with thermalisation of point defects), sink-
ing of gas atoms into bubbles may occur dur-
ing a few minutes at high temperatures. Hence,
under annealing conditions at 1500 °C, the
characteristic time t, of diffusion sinking of
gas atoms into bubbles is estimated as
T, ~ (Dk,)" ~ 107 s; after this time practically
all gas atoms are captured by bubbles, and gas
transport to grain boundaries and the
subsequent release can be provided only by
bubbles.

At high temperatures 7> 1800 °C thermal
resolution of gas atoms from bubbles can pre-
vent gas atoms from complete sinking into
bubbles leading to an additional diffusion flux

of remaining gas atoms from grain interior to
boundaries (see papers of this Collection on
pp- 17 and 25).

Microstructure observations of irradiated fuel
in the annealing tests confirm that gas release
is accompanied with a rapid growth of the
intragranular bubbles (up to hundreds nm at
high annealing temperatures) and a noticeable
decrease (by several orders of magnitude) of
the bubble number density [4—6]. This process
of the bubble number decrease is usually
associated with the Brownian motion of the
bubbles leading to their coalescence into larger
ones in the grain bulk and transport to the grain
boundaries. However, evaluation of the
experimental data by the MFPR code shows
that a rather low mobility of small bubbles at
T'< 1800 °C measured in [7] does not allow a
correct description of the bubble system
evolution (see Section 2). An additional as-
sumptions on the bubble diffusivity increase up
to values determined by the surface diffusion
(i.e., by several orders of magnitude) during
annealing (e.g., recommended in [6]), slightly
improve the description of bubbles size growth
at high temperatures (7> 1700 °C), however,
overestimates their growth (and gas release) at
lower temperatures.

A complementary mechanism of bubble
growth under annealing conditions associated
with the thermal coalescence of bubbles (i.e.,
Ostwald ripening) considered in various papers
[8-10, 1], turns out to be also too weak to ex-
plain these observations, as demonstrated in
the authors’ paper [2].

For this reason, a more realistic approach to this
problem is further attempted (see Section 1.1.1).
In accordance with [11], the migration of
bubbles assumed to be caused by mass
transport both on the bubble surface and
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through the matrix around the bubble. This
mechanism provides an increase of the bubble
diffusion coefficient leading to the bubble
radius increase for large bubbles » > 10 nm due
to activation of the surface diffusion
mechanism, in a reasonable agreement with
direct observations of bubble mobility [12, 13],
and for this reason, under annealing
conditions turns to be effective mainly at high
temperatures 7> 1700 °C (see Section 2).
However, this mechanism is still insufficient
to simulate gas release measured in the
annealing tests.

As above mentioned, during bubbles growth
and coalescence extended defects such as
dislocation loops uniformly distributed in the
grain bulk, may serve as the main source for
vacancies (necessary for the bubble
equilibration) and afford the equilibrium
concentration of the point defects in the
crystal bulk. This explains the observed
dislocation creep and enhanced bubble
growth by dislocation sweeping under
annealing conditions [14].

In this situation an additional mechanism for
gas release due to dislocation creep emerges
(see Section 1.3). This new mechanism
considers sweeping of bubbles and
delivery them to the grain boundaries by
climbing dislocation segments in the
course of vacancy generation (necessary
for equilibration of growing bubbles).

However, after some time a strong pinning of
dislocations by swept bubbles can saturate this
source of point defects, and grain boundaries
apparently become the dominant source of
vacancies during the subsequent period of the
annealing tests. In this situation a vacancy flux
directed from grain surface to its interior arises
that induces bubble biased migration along the
vacancy gradient in the opposite direction, as
proposed recently by Evans [15].

1. Main models and mechanisms

Strictly speaking, a mechanism of bubble
migration to the grain boundaries along the
vacancy gradient was initially analysed and
described in [16] and [17]. Later Evans pro-
posed to apply this mechanism to the de-
scription of the enhanced gas release at an-
nealing. However, in his paper [15] he did
not present any quantitative calculations, but
restricted himself by a qualitative considera-
tion of the phenomenon.

In order to handle this problem quantita-
tively, a simple analytical model was devel-
oped in the authors’ paper [2]. Under
simplifying assumption of equilibrium state
for growing bubbles and neglecting bulk
sources of point defects (i. e. dislocations),
the model allowed not only to explain a
continuous increase of gas release during the
annealing stage, but also to relate it
quantitatively to the kinetics of bubble
coalescence and swelling, in agreement with
measurements (see Section 1.1). As shown
below in Section 2, a similar model
implemented in the MFPR code can really
improve code predictions, if the above
mentioned mechanism of Mikhlin for
enhanced bubble diffusivity (leading to
enhanced bubble coalescence) [11] is
additionally taken into consideration.
However, adequate consideration of
dislocation sources acting in the initial
period of annealing stage (as above
explained) significantly suppresses gas
release predicted by this simplified model.
As a result, this dislocation mechanism
provides so called “burst release”
observed in the initial stage of annealing,
whereas vacancy mechanism (considered
by Evans) combined with the advanced
model for bubble diffusivity (proposed by
Mikhlin) provides more gradual release in
a late period of annealing stage.

1.1. Bubble migration in the vacancy gradient

As above mentioned, a mechanism of bubble
migration to the grain boundaries along the
vacancy gradient was initially analysed and
described in [16] and [17]. Later Evans [15]
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proposed to apply a similar mechanism to the
description of the enhanced gas release at an-
nealing. In order to handle this problem quanti-
tatively, a simple analytical model was devel-
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oped in the authors papers [2, 3] which is
briefly presented in the current section.

In order to simplify modelling, a homogene-
ous space distribution in the grain of equal-
size and equilibrium bubbles is considered.
As above explained, after some initial period
of the annealing stage (i.e., after saturation of
the dislocation sources due to their pinning by
bubbles, see Section 1.3.1), grain boundaries
become the main source of vacancies and for
this reason, vacancy flux from boundaries to
grain interior appears. In accordance with the
theoretical predictions [16] and [17], bubble
flux in the opposite direction arises. Since (as
above explained) gas atoms sinking into the
bubbles is a relatively quick process which
occurs during the initial 10°~10° s of the an-
nealing stage, in a late stage of annealing
bubble coalescence determines vacancy defi-
cit in the grain bulk and corresponding va-
cancy flux from the boundaries. For this rea-
son, the described model [2] self-consistently
accounts for both processes of gas release and
bubble coalescence (swelling) observed in
the annealing tests.

In accordance with [16], the bubble velocity v
in the gradient of vacancy concentration ¢ is
determined by the relationship

v=2DVc,, (1)

where D, and ¢, are the uranium vacancy diffu-
sion coefficient and bulk concentration (num-
ber of vacancies per U atom) in the UO, ma-
trix, respectively.

Correspondingly, gas atom flux J . to the

grain boundary via bubble migration, takes
the form

J, =p,VN,, )

where p,(¢) is the bubble number density and
Ny(?) is the number of gas atoms in a bubble, both
being spatially homogeneous in accordance
with the above accepted model simplification.

As above explained, practically all gas atoms
were captured by bubbles within a relatively
short initial period of the annealing stage, and

for this reason, the total gas content N . inthe

spherical grain with the radius R, takes
the form

N, =p,N,(4n/3R, )

and its variation with time is determined by the
gas flux, Eq. (2) at the grain surface:

ng 2
—— LSS R)ARE. ()

After substitution of Egs. (1-3) in Eq. (4),
one gets

_dN, _6N,DVe,(R)
dt R

g

)

On the other hand, the diffusion vacancy flux
at the grain boundary D,Vc,(R,) determines

time variation of the total volume of intra-
granular bubbles due to their coalescence and
subsequent equilibration

d(4nR}p,) 3DVe,(R,)
3dt R '

g

(6)

For large enough bubbles (with radius
R,> 5nm that is attained rather quickly in the
initial stage of annealing) obeying the ideal gas
law, the equilibrium condition takes the form

AR 20, (7)
3 R, ’

Substitution of Egs. (6) and (7) in Eq. (5) fi-
nally yields

_dN . k_T 3N, i
dt vy 4nR dt

(N R).  (®)

The analytical solution of Eq. (8) has the form

AN R, = ln(B/Ng), 9)
where A:k—T 3 — and B is the integration
Y 4nR,
constant.

Solution of Eq.(9) shows that gas release
(N o~ N, )/ N, smoothly increases along with

the bubble radius R, growth and approaches to

100 % when R, >> 100 nm. Comparison of the
numerical solution with measurements of
Baker and Kileen [5] at 1600 °C demonstrated
that the model is able to correctly describe the
whole annealing stage, if the correct time evo-
lution of the bubbles radius is used in calcula-
tions, Fig. 1.
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Fig. 1. Model prediction of gas release dependence on the relative mean bubble radius (Ry/Ry) during annealing
stage, in comparison with experimental observations [5] at 1600 °C at a variety of moments (50s, 1.4 h, 24 h)

Therefore, adequate description of bubble coa-
lescence under annealing conditions becomes
an important prerequisite for correct prediction
of gas release. For this reason, in order to pro-
vide an adequate description of bubble coales-

1.1.1. Mikhlin’s model for bubble diffusivity

In accordance with [11], the migration of bub-
bles is assumed to be caused by mass transport
both on the bubble surface and through the

matrix around the bubble, and the bubble dif-
fusion coefficient is given by

_ (vol) (surf)
D, =D, +D;"",

1/3)?
D =iDv[Q J ,

4 R,
3 o (97 3¢ )"
Db(surf) _ _DéS) 1— q . .(10)
2n R, 4nR,

where N, is the number of gas atoms in the
bubble, ¢ is the bubble suppression parameter
or the adatom interaction zone. For a realistic
estimation of ¢, a knowledge of the effective
potentials using theoretical or computer
simulation techniques should be obtained.
However, in the papers [18] and [19] a good
agreement between calculations and various
experimental data was obtained with
g=5x10"m’. A similar value was used in
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cence due to their Brownian motion, an ad-
vanced approach to the bubble diffusivity pro-
posed in the Mikhlin’s paper [11] was imple-
mented in the MFPR code.

[20] for description of gas bubble mobilities in
UQ,. The same value hence is used in the

current paper. Parameter Dés) for the surface

diffusion coefficient directly from [11]
(accurately fitted to the available experimental
data) is used for the surface diffusion part in
the MFPR Dbubble diffusivity —model:

DE'|m?[s]=50-exp(— 450000/RT),  with
1473 < T<2073 K and R in J-mol K",

The model provides an increase of the bubble
diffusion coefficient along with the bubble ra-
dius increase for bubbles R, > 10 nm due to
activation of the surface diffusion mechanism,
in a reasonable agreement with direct observa-
tions of bubble mobility in [12] and [13]. This
can enhance gas release under annealing in the
temperature interval between 1630 and 1715°C
(see Section 2), as observed in the experiment.

Further improvement of the bubble diffu-
sivity model is considered in paper of this
Collection on p. 34.
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1.2. Vacancy field model

In order to take into account more adequately
the above described mechanism of bubble bi-
ased migration, the numerical diffusion model
of vacancy field evolution in the grain bulk
during annealing of irradiated fuel is devel-
oped. This model simulates time and spatial
variation of bulk vacancy concentration in the
presence of extended vacancy sources (grain
surface and climbing dislocations) and sinks
(growing and equilibrating inter-granular bub-

)4

ot r*or

oc =L£(r2Dv oc
or

where D, is the vacancy diffusion coefficient,

bs . .
¢, is the boundary concentration of vacancies

near the bubble surface, C;, and R, are bubble
concentration and radius, respectively; p; and
v, are dislocations density and creep velocity,
respectively; b=2(30Q/4n)" is the Burgers
vector length (equal to the lattice parameter in
neglect of dislocations with multiple Burgers
vectors), Q2 being the vacancy volume in the
UO, matrix. Eq. (11) is solved with the
following boundary and initial conditions:

oc
= =0, c c

r=R, v v
e
or|_,

,=c.(12)

where c;?is the thermal equilibrium concentra-
tion approximated by Arrhenius correlation
= exp(— E / kT ) with the activation en-
ergy of £ =2.2eV [21]. Note that the equi-

librium concentration relates the vacancy dif-
fusivity to the equilibrium uranium self-

diffusion coefficient, D;7, by a relationship
D/ =c"D, . Taking into account the MFPR
approximation for the uranium self-diffusion
coefficient D, =D,exp(—E, /T), where
Do =2-10*m%/s and ES/k =64200K (see

also [21]), one gets correlation for the vacancy
diffusivity:
D, = Dyexp(—E,/T),

E,[k=(E, —E)[k ~386T0K.

The second term in the right hand side of Eq.
(11) describes a mechanism of vacancy sinking

bles). As a result, the new model self-
consistently describes such kinetic processes as
bubble volume relaxation and bubbles biased
migration in the vacancy gradient.

Evolution of the vacancy distribution in a
spherical grain is described in terms of the di-
mensionless concentration, ¢, (number of va-
cancies per uranium atom), by diffusion equa-
tion

—VJ—4nDVRbe (cv—cfs)+pdvdb, (11)

into bubbles that is closely connected with the
bubble relaxation. The boundary concentration
of vacancies at the bubble surface is given by

¢ =cexp(—Q8p/kT).  (13)

It depends on the difference between the actual
and equilibrium bubble gas pressures, dp, and
determines the rate of the bubble volume re-
laxation:

dv, bs
—==4nD R, (c,—c ). 14
dt v b( v v ) ( )
In Eq. (13) the pressure difference is defined as
2ysin® N, kT
dp=p—p,— s P,
Rb (Vb _BXer)

where pj, is the external hydrostatic pressure, y
is the effective surface tension for UO,, By, is
the van der Waals constant for Xe, p is the gas
pressure in a bubble given by the van der
Waals equation of state, V, is the bubble vol-
ume, and N, is the number of gas atoms
in a bubble.

1.2.1. Thermal re-solution of gas atoms
from bubbles

The kinetic equation for the number N, of gas
atoms in a bubble with the radius R, under
annealing conditions with the account for the
thermal re-solution of gas atoms from a bub-
ble in the van der Waals approximation,
takes the form

dN,
dt

g

c
=4nDc R, I—Ci , (15
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where
' = PKo(P,T) (16)
and

o(P,T)=exp(B,P/kT) (17)

is the function accounting for the gas phase
non-ideality (typical for small bubbles with
R, <5nm) in the van der Waals approxima-
tion, see [1, 2].

The temperature dependence of K, is sup-
posed to be of Arrhenius type:

E. E
KS(T):KS(TO)exp(k—;—k—;j, (18)
0

where K (76) is the solubility at a fixed tem-

perature Ty, and Ejs is the activation energy of
the solid solution. Numerical values of these

two parameters were estimated in [2] on the
basis of available experimental data as

K (T))~2-10" I and Es=3eV.

In the framework of the implemented vacancy
model, the vacancy concentration sharply de-
creases during annealing in the central regions
of the grain. This results in a strong over-
pressurisation of bubbles so that the thermal
re-solution effect grows to be significant at
high temperatures. In particular it suppresses
complete sinking of gas atoms into the bubbles
and thus leads to an additional flux of gas at-
oms out of the grain (see paper of this Collec-
tion on p. 142). For these reasons, calculations
with the vacancy field model implemented in
the MFPR code are always performed simul-
taneously with the activated thermal re-
solution model.

1.2.2. Intragranular bubbles and gas atoms transport

in the vacancy field model

The MFPR transport equation for the gas-in-
bubbles concentration is modified in the new
vacancy field approach by adding the term con-
sidering bubble biased migration with velocity

vac

v," . In accordance with consideration in Sec-

tion 1.1, the bubble velocity in the gradient of
vacancy concentration ¢, is determined by

)
v (r)=2D, ;; , (19)

where D, is the vacancy diffusion coefficient.

An additional flux of gas atoms in the same
vacancy field gradient (similar to the flux of
bubbles) is considered, in order to avoid un-
derestimation of gas atom flux out of the grain
which is assumed in many experimental works

1.3. Dislocation creep

The third term in the r.h.s. of Eq. (11) de-
scribes the dislocation source of vacancies.
During the bubble growth under annealing
conditions, dislocation loops and grain bounda-
ries serve as sources for vacancies (necessary
for the bubble growth) and afford the equilib-
rium concentration of point defects in the crys-
tal bulk. However, in the initial stage of the
annealing tests (until dislocations are not
pinned by attached bubbles), the role of the
grain boundary as a source of vacancies is neg-
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(e.g., [5, 6, 22]) to be the main source of the
observed long-term release “tail” at a late stage

C

of annealing. Atom velocity v;a in the gradi-

ent of vacancy concentration is determined in
accordance with [23] by

ac a v
v (r)=D, acr . (20)

g

However, validation of the MFPR code with
the implemented model for the individual gas
atoms transport in the vacancy gradient,
Eq. (20), did not show any essential
contribution of this mechanism to gas release.
Namely, an increase in fractional release in
calculations for tests [24] and [22] due to this
transport does not exceed 1 % .

ligible as compared to that of a system of dis-
locations. Indeed, this is seen from the ratio of
total source strength values for grain bounda-
ries kg, and dislocations k; which is esti-
mated as [25]

k2, ks ~3/(R,k,). 1)

where the source strength of dislocation system
is evaluated as k; ~2mp,. Since the usual
grain size is R, ~ 10 m and density of dislo-
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cation lines in irradiated fuel is p, ~ 3-1014m'2,
one gets kgzb / ki ~107

Ejection of vacancies from a dislocation line to
the fuel matrix causes the effect of dislocation
creep. This may explain the observed
dislocation creep and enhanced bubble growth
by dislocation sweeping under annealing
conditions [14]. Being swept by climbing
dislocations, bubbles are transported to the
grain boundaries by dislocations leading to an
additional gas release.

A simple model for dislocation creep was pro-
posed by R. Galimov (Nuclear Safety Institute
(IBRAE) RAS) and implemented in the MFPR
code [3]. In this model edge dislocations are
considered in the mean field approximation,
i.e., they are uniformly distributed in the bulk
of the grain with the mean density of disloca-
tion lines p,; and random orientations of their
directions and Burgers vectors. Under these
assumptions, the number of bubbles swept by
climbing dislocations in the unit volume and
unit time are evaluated as

F= 2(R +2R, ) PviY, (22)

core

where Y, = N,p, is the volume density of gas

atoms in the bubbles, whereas variation of the

dislocation density p, is calculated in neglect
of new dislocation loops generation under an-
nealing conditions:
op 3
—L=——p,. (23)
ot 2d o
Therefore, an additional contribution to the gas
flux reaching grain boundaries provided by
climbing dislocations is evaluated as

Cree] 3 v
Fdafp :% Ldt(ﬂ»d/pd)' 24)

&

For a crystal with a non-equilibrium concentra-
tion of bulk vacancies, c,, the dislocation ve-
locity v, is determined by the flux of vacancies
ejecting by dislocations to the grain bulk:

_ 2nD, (ch —cv)
T pn(L/R,)

, (25)

where L = (mp,)"? characterises a mean dis-
tance between dislocations, R, is the disloca-
tion core radius estimated as R, = 3a, and b is
the Burgers vector length (equal to the lattice
parameter a in neglect of dislocations with
multiple Burgers vectors).

Being implemented in the MFPR code, the
model predicts a noticeable increase of gas
release (see Section 2), however, calculations
demonstrate that a complete coverage of dislo-
cations by swept bubbles is attained rather
quickly during some initial interval of anneal-
ing. In this situation dislocation creep can be
significantly suppressed by the pinning effect
of attached bubbles, and grain boundaries be-
come the main source of vacancies in the
grain. In this stage the bubble biased migration
in the vacancy gradient considered in Sec-
tion 1.1, becomes the dominating mechanism
of gas release. Therefore, the switch of the gas
release mechanism from the dislocation creep
to the bubble biased migration in the vacancy
gradient is governed by dislocation pinning
by attached bubbles.

1.4. Dislocation pinning by attached bubbles

Being swept by dislocations, bubbles can re-
tard dislocation movement. If c\” bubbles with
radius R, are attached to the unit length of a
dislocation and each bubble exerts the force F,
on the dislocation, then the total retarding force
acting on the unit length of the dislocation is
calculated as F, = c\”’F, . Consideration of the
external force F, acting on the dislocation,
converts Eq. (25) for the dislocation velocity to
the following form [26]:

" bin(L/R,)

2
2nD, b°F, &c (26)
kT ¢

v

where D, =D, is the uranium atom self-
diffusion coefficient.

On the other hand, if bubbles are swept along
with the moving dislocation, then

v, =V, 27
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where the bubble velocity v, is determined by

the intragranular bubble mobility D, /kT and

the force F), exerting by the dislocation
on the bubble:

Db

—F, 28
T (28)
and the bubble diffusion coefficient D, is de-
fined by Eq. (10).

Superposition of Egs. (26)—+(28) allows calcula-
tion of the resulting force F), and dislocation

Vb:

velocity vy
) :(B/bz)(Sc/ch) 29
“ (B /D,)+1
where
2nD b
= Tu’ 30
In(L/R,) G0

These results are valid until the force £}, does not
exceed the maximum force F,, that a bubble can

exert on a dislocation, F/, oc Gb* (estimated, for

example, in [16]), where G = 100kJ/cm® is the
dislocation linear tension,

” _k_T.(B/bz)(Sc/cj")
"D, (Ba”/D,)+1

<F . (31

In the opposite case the bubble will be de-
tached from the dislocation.

Numerical evaluation of Eq. (29) shows that
due to a small value of D,~ 10" cm?%s at
T<1600°C, the denominator of Eq.(29)
remains ~ 1 even after a complete coverage
of dislocation by bubbles with R, ~ 10 nm
(for which diffusivity D, at 1500°C is
~10"°cm?/s [11]). The complete coverage
occurs when condition

AD2R, =1 (32)

becomes valid. This means that the pinning
effect is not very strong up to this moment and
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dislocations can further move with a somewhat
reduced velocity.

However, after this moment a rapid coales-
cence of bubbles attached to dislocations
commences leading to the strong pinning of
dislocations after some relatively short time
interval. It is assumed in the model that after
complete coverage of dislocations by bubbles,
Eq. (32) remains valid independently of the
bubble radius. This leads to a steep increase of

the bubble radius R, and decrease of the bubble

concentration ¢\’ in the course of further ab-

sorption of bubbles by moving dislocations.
For large bubbles with R, ~ 10 nm the ideal gas
law is valid and thus for the number of gas at-

oms Y, " in the bubbles attached to disloca-
tions one can readily derive

o 4
"3

2
R (33

Y9 =c¢ .
’ RKT

Being combined with Eq. (32), this results in
3kT
R()=Y" () —. (34)
4my

Substituting this relationship into Eq. (29), one
obtains a steep increase of the denominator of
Eq. (29) in the course of gas atoms absorption:

B |D, o R} o V7, (35)

since large bubbles migrate via surface diffu-
sion mechanism an thus obey D, R’
(see Eq. (10)).

This means, for example, that after rapid
growth of bubble radius within one order of
magnitude the dislocation velocity will practi-
cally turn to zero, i.e., dislocations will be
pinned by attached bubbles. This allows to use
Eq. (32) as the simplest criterion for disloca-
tion pinning. More accurate results can be at-
tained using Eq. (29) for the velocity of dislo-
cations retarded by attached bubbles.
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2. Simulations of annealing tests

2.1. Validation procedure

Testing of the MFPR code was conducted by
comparison of the code predictions with ex-
perimental data on fission product release dur-
ing post-irradiation annealing [22, 24].

In order to have a reference point, at first cal-
culations with the base set of the MFPR pa-
rameters and models (i.e., vacancy field and
dislocation creep are not taken into account)
have been done. Then calculations using dis-
location model with instantaneous vacancies
transport from moving dislocations to equili-
brating bubbles (i.e., vacancy model is turned
off) were performed. Besides, calculations
with dislocation model switched off (i.e., un-
der an assumption that grain boundaries are
the main source of vacancies, cf. [15]) were
done. After this, the vacancy field and dislo-
cation creep mechanisms were taken into
account simultaneously in calculations. Pin-
ning of dislocations was considered in the
simplest approach when coverage of a dislo-
cation by attached bubbles attained 100 %
(see Section 1.3.1).

Since calculations with the MFPR base set
strongly underestimated release at high tem-
peratures (>1630°C), additional calculations
with surface diffusion mechanism for intra-
granular bubbles (i.e., increased by several or-
der of magnitude) were performed. As demon-
strated in Section 1.1, an increase of intragranu-
lar bubbles size due to their coalescence in the
annealing stage can significantly enhance gas
release due to their biased migration in the va-
cancy field. Calculations with the increased in-
tragranular bubbles diffusivity afforded by the
mechanism of surface diffusion, confirmed this
prediction and improved calculation results at
high temperatures. However, such a procedure
is not physically grounded and significantly ex-
aggerates mobility of small bubbles (with
R, <10nm), in a remarkable contradiction with
observations [12, 13] (see also [11]).

For this reason, a more realistic approach to
the bubble diffusivity in accordance with the
Mikhlin’s model (see Section 1.1.1) was im-

plemented in MFPR and used for calculations.
The advanced model provides an increase of
the bubble diffusion coefficient for large bub-
bles in comparison with the base diffusivity;
this tends to explain a noticeable increase of
gas release in the temperature interval between
1630 and 1715 °C, where bubbles become suf-
ficiently large (several tens nm) due to coales-
cence under annealing conditions, as observed
by scanning electron microscope in the ex-
periments [22] and [24].

Validation of individual models of the code
shows that in addition, the grain growth
mechanism strongly affects the FP release at
high temperatures, even if grain growth is not
substantial (< 5 %). So, it appears reasonable to
validate the full model (including vacancy field
model, dislocation creep model and Mikhlin’s
mechanism for bubble diffusivity) simultane-
ously with activated grain growth for different
values of the grain boundary velocity. The
grain growth model of the MFPR code is pre-
sented in paper of this Collection on p. 109.

The vacancy diffusion coefficient is not meas-
ured directly in experiments but might be
evaluated from measured data for the uranium
atom self-diffusion coefficient and calculated
equilibrium vacancy concentration data (as
explained in Section 1.2). For this reason, the
accuracy of the obtained in such a way va-
cancy diffusion coefficient is not high and is
estimated within one order of magnitude.
Hence in the present validation procedure this
coefficient was additionally amplified within
one order of magnitude, in order to avoid pos-
sible underestimation of the Evan’s mechanism
for bubbles migration in the vacancy field.

Initial dislocation density in the dislocation
creep model was evaluated from available
experimental data as described below
in Section 2.2.

Validation procedure is described in detail in
[3]. Here the main results of calculations for
the two tests [24] and [22] are presented.
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2.2. Calculation results

In the experiments [24] unstressed samples of
uranium oxide taken from pressurised water
reactor fuel after two normal operating cycles,
i.e., with burn-up of 25GWd/t, were sub-
jected to thermal treatment in a laboratory
furnace at temperatures between 1403 and
1988 K for duration between 5 min and 10 h.
The variation of the quantity of fission gas
released over time was determined at each
temperature. During irradiation stage fuel

core temperature did not exceed 1100 °C.

Superposition of the above described
mechanisms and models, allows an adequate
description of the annealing tests, Fig.2. It
should be noted that dislocation density of as-
irradiated fuel in the pellet peripheral region
was measured in [27]. It increased with burn-
up in the range of 6-44 GWd/t from ~ 8-10" to
6-10" m™. However, only part of the observed
dislocations is mobile in an irradiated crystal,
since they are effectively pinned by extended
defects such as arrays of dislocations, etc. In-
deed, in direct observations of Whapham [28]
dislocation loops had grown sufficiently to
coalesce with neighbouring loops to form a

dislocation network when dislocation density
attained ~2-10"”m™. Due to such structures
formation, only a part of dislocations can be
considered as mobile and capable for climbing
and sweeping the intragranular gas bubbles.

The critical value of the mobile dislocations
density is evaluated as

Py =pq+2mR{"C,,

1

3 3

Rcrf — ,
lee)

where p,’ is the initial dislocation density in
the fresh fuel, C, is the dislocation loops
concentration (see paper of this Collection on
p- 47). For this reason, the values of density

close to the critical value p§' = 810" m?>,

evaluated from Eq.(36), were used in
calculations. The best fit was attained with the
dislocation density p,=0.5-p,"~4-10”m?, as
presented in Fig. 2.

Experiment
0.7 — . T=1683 K
o T=1818K
0.6 — [ T=1903 K
+ T=1988 K
0.5 —

Xe fractional release

0 10000 20000
Annealing time, s

30000 40000 50000

Fig. 2. Experimental data [24] (points) and MFPR calculation results (lines) for Xe release as a function
of annealing time at different temperatures

In order to check the validity of the model
predictions, additional calculations of spa-
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tially averaged intragranular bubble size and
density evolution during annealing were car-
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ried out. Results of these calculations are
presented in Fig. 3. From this figure it is
seen that the significant increase of gas
release at 1988 K correlates with the
noticeable increase of intragranular bubbles
size due to their coalescence with enhanced
diffusion coefficient at this temperature, this
in a reasonable agreement with semi-

quantitative predictions in Section 1.1. On
the other hand, a noticeable increase of the
intragranular bubbles size at 1988 K in
comparison with that at lower temperatures,
was reported by experimentalists [24].
Direct measurements of bubble size and
density during annealing were performed
in the tests [22].
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Fig. 3. Gas atom and bubble concentrations and bubble radius as functions
of annealing time at T = 1988 K

In the experiments [22] samples of uranium
oxide taken from pressurised water reactor fuel
after 1 to 4 normal operating cycles, i.e., with
burn-up of 6 to 28 GWd/t, were subjected to
thermal treatment in a laboratory furnace at
temperatures between 1773 and 2073 K for

0.3

duration up to 5h. Release rate of Kr* was
measured continuously. Experimental data for
Kr* release as a function of annealing time at
temperature 2073 K for different burn-ups are
compared with the calculation results in Fig. 4.

Fractional release

Experiment
s 0° A 28 GWdt
B ° 23 GWdlt
. 16 GWd/t
o 2 n 6 GWdlt
m B

5000
Annealing time, s

10000

15000 20000 25000

Fig. 4. Experimental data [22] (points) and MFPR calculation results (lines) for Kr release as a function
of annealing time at temperature 2073 K for different burn-ups
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A good agreement with the measured bubbles
concentration is also attained in these calcula-
tions. In the end of annealing stage the

measured mean bubble diameter was ~55nm
[22] whereas calculated diameter is equal to
62 nm, Fig. 5.
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—H—— Bubbles concentration

——O&——— Bubble radius
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Fig. 5. Gas atom and bubble concentrations and bubble radius as functions
of annealing time at temperature 2073 K and burn-up 25 GWd/t

2.3. Discussion

Validation of the MFPR code with the newly
implemented models against post-irradiation
annealing experiments shows that dislocation
transport mechanism provides a steep increase
of gas release (i.e., burst release) in the begin-
ning of the annealing stage, however, underes-
timates the total gas release in late stage of an-
nealing. On the other hand, the Evans
mechanism of bubbles biased transport in
vacancy gradient [15] also  strongly
underestimates gas release at high temperature
annealing. Increasing by one order of
magnitude of vacancy diffusivity provides
substantial improvement of release calculation
results, however, the mean bubble size remains
noticeably smaller in comparison with
experimental data. Moreover, inclusion of
dislocation sources with a realistic density in
consideration of the vacancy field significantly
suppresses the Evans mechanism of gas
release, since the vacancy flux from grain
boundaries noticeably diminishes in this case.

Considerable improvement in the predictions
of these two models can be attained by

increase of diffusion coefficients for large
bubbles. This procedure of bubble diffusion
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coefficient enhancement can be grounded
within the advanced model [11] for different
mechanisms (volume or surface) of bubble
diffusivity depending on bubble size.
Nevertheless, application of this bubble
diffusion model is still insufficient to explain
high release observed in the tests.

Only self-consistent operation of the four
mechanisms: vacancy model (bubbles biased
migration in vacancy gradient) with account
for the bubble thermal re-solution mechanism,
dislocation creep model, advanced bubble
diffusivity model and grain growth model,
allows a reasonable agreement with
experimental data at all annealing test
temperatures. In this case dislocation transport
mechanism provides a short-termed burst
release observed in the initial time interval of
the annealing tests. After this time interval
when dislocations become effectively pinned
by attached bubbles, the competitive vacancy
mechanism and, at high temperatures
(= 1700 °C), grain growth mechanism become
important, affording the observed smooth
increase of gas release in the late stage of
annealing at high temperatures.
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Conclusions

The numerical diffusion model of vacancy
field evolution in the grain bulk during anneal-
ing of irradiated fuel was developed and im-
plemented in the MFPR code. The model
simulates time and spatial variation of bulk
vacancy concentration in the presence of
extended vacancy sources (grain surface and
climbing dislocations) and sinks (growing and
equilibrating inter-granular bubbles). As a
result, the new model self-consistently
describes such processes as bubble volume
relaxation, migration of bubbles due to
dislocations creep and bubbles biased
migration in the vacancy gradient.

Validation of the numerical diffusion model of
vacancy field evolution implemented in the
MFPR code against high temperature
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Model for Evolution of Intragranular Gas Bubbles and Fission Gas
Release in UO, Fuel under Transient Irradiation Conditions

M.S. Veshchunov, V.E. Shestak

Introduction

General analysis of the intragranular bubbles
behaviour demonstrates that re-solution of gas
atoms from bubbles is often treated in an over-
simplified manner, and for this reason, addi-
tional studies of the irradiation effects on intra-
granular bubbles should be carried out [1].

Development of a new model for a self-
consistent consideration of the irradiation

induced re-solution of gas atoms from bubbles
and its implementation in the MFPR code, are
presented in the current paper. This allows a
significant improvement in predictions for
microscopic observations of intragranular
bubbles evolution and, as a result, for gas
release in various transient tests.

1. Advanced model for gas atoms re-solution from bubbles

According to the Nelson’s model [2] for in-
tragranular bubbles, the re-solution rate is
independent of the bubble size only for very
small bubbles (R, < 1-1.5 nm). For larger
spherical bubbles only a fraction of gas
atoms within a critical distance from the
bubble surface A= 1-1.5 nm may escape,
therefore, the resolution rate becomes
inversely proportional to the bubble radius:

J..=bN,, (1)
where
A
bxb 2
0 A+R, @)

is the resolution probability, and N, is the
number of atoms in a bubble. On the other
hand, it was pointed out in [2] that for larger
bubbles the ejection of a gas atom into
surrounding matrix does not automatically
result in its resolution. In accordance with
available studies of the thermal desorption of
inert gas from solids, it was presumed in [2]
that those gas atoms knocked to within the first
two or three atomic distances (i.e., 3 ~ 1 nm)
from the bubble would tend to return back
to the bubble.

In order to take this tendency into quantitative
consideration, one can assume that the influx
of the ejected atoms back to the bubble
proceeds by diffusion within the re-solution
layer 8. Such a consideration generalises the
standard treatment of the thermal re-solution of
gas atoms from bubbles, and is similar to the
consideration [3] of the re-solution process
from grain boundaries. The built-up concentra-
tion barrier ¢; of the re-solution layer deter-
mines the diffusion flux from the grain with
the mean bulk concentration ¢, of gas atoms
in the matrix:

Jgir :4nD(cg —CS)(R,, +3), ()

and the net flux of atoms deposited on the bubble:

R
Js =4nDc,R, (”—;8) , 4)

which counterbalances the re-solution flux J,
back into the grain in accordance with the
flux matches:

JBZJdif+Jres‘ ®)

Superposition of Egs. (1-5) yields an equation for ¢ :
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R
Js =4nchRb@—bNb =4nD(c, —¢; )(R, +3). (6)

Substitution of the solution of Eq. (6) in the
equation for the growth rate of the bubble

dN,
d tb =J dif (7

yields

Ny _ 4xDe R, —bN, —O— .
dt ¢ R, +36

thus, leading to an additional re-normalisation
of the re-solution probability b in the standard
equation for the bubble growth rate (obtained
disregarding the re-solution barrier c;).

@®)

Therefore, the self-consistent consideration of
the gas atom re-solution from and influx back
to bubbles allows application of the standard
equation for the bubble growth rate:

dN,
dt

=4nDc,R,—b'N,, )

however, with the following expression for the
re-solution probability

LB
R +L R +8

b'~ b, (10)

In the limiting case of a very large value of
the re-solution layer thickness o comparable
with the inter-bubble distance, Eq. (10) trans-
forms back into the Nelson’s expression for b,

2. Qualitative consideration

In order to analyse the bubble growth quali-
tatively, it is sufficient to consider the behav-
iour of a sole growing bubble during a time
interval between two subsequent collisions
with other bubbles [1]. Owing to a relatively
low Brownian mobility of bubbles at
T<1800°C [4], the time between two
subsequent collisions of a bubble (in the
absence of temperature gradients in the
grain) is really very large. In this case the
analysis of the growing bubbles behaviour
can be performed on the basis of Eq. (9)
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Eq. (2). However, in accordance with the
above mentioned Nelson’s notification, this
value is small and comparable with the value
of A, i.e., d ~ A ~ 1-1.5nm, and for this reason,
Eq. (10) will be further used in the simpli-
fied form:

2
A
b'=~b . 11
O[Rh+kj (1

On the other hand, strictly speaking Eq. (2)
was derived in [2] for small bubbles with
Ry, <5nm, i.e., for the van der Waals bubbles
with the gas density being effectively inde-
pendent of bubble size. For larger bubbles the
dependence of b on R, may be slower, and
Eq.(11) may be rewritten in a more gen-
eral form:

b'ZbO(RL}\’} . (12)
+
b

with 1 < o < 2. In order to analyse the effect of
superposition of the two power laws in the
effective dependence of o’ on R, in Eq. (12),
two limiting values o =1 and 2 corresponding
to Egs. (2) and (11), respectively, will be used
in the following consideration.

along with the kinetic equation for the
number of vacancies x in a bubble, in terms
of the nodal line Poincaré formalism, Fig. 1
(compare with [1]).

In the case of applicability of the ideal gas law
(that is strictly valid for large bubbles with
R, > 5 nm) the first nodal line dx/dt =0 is de-
scribed by the “capillarity” equation N acx*”.
The second nodal line dN/dt = 0 is represented
by an equation N ocx'? for small bubbles with
R, <A~ 1nm, and by an equation N ccx** for
larger bubbles, if Eq.(3.2) is valid. In both
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these cases an intersection of the two nodal
lines determines a unique critical point I of the
stable node type, i.e., particles (gas atoms (V)
and vacancies (x)) move toward the node from
all quadrants in the neighbourhood, Fig. 1. The
critical point apparently determines the radius of
the stable bubbles and explains the validity of the
“bimodal” bubble size distribution, observed in
the steady state tests. When a bubble deviates
from this stable state, diffusion fluxes of the gas
atoms and point defects arise which return the
bubble back to the initial state. An account of the
Brownian mobility of bubbles (increasing with
temperature) may enlarge the mean size of
bubbles, but will not change the situation
qualitatively, since the system is still
characterised by the unique stable critical point.

However, the situation can change when
Eq. (11) is used instead of Eq. (2). In this case
the nodal line dN/dt=0 is described by a

relationship N ocx for large bubbles R,>> A,

and a new critical point of the saddle type
appears at the intersection of the two nodal
lines, Fig. 2. In the case of a sufficiently high
bubble mobility (i.e., at high temperatures),
bubbles can surmount the “distance” between
the two critical points due to their collisions
and coalescence, and thus “infiltrate” through
the saddle point into the large-bubble area
where they grow further unrestrictedly.

Therefore, under conditions of transient tests
with temperature increase, self-consistent
consideration of the gas atom re-solution from
and influx back to bubbles allows prediction of
the onset and growth of very large
intragranular  bubbles. This qualitatively
corresponds to the observations in the transient
tests [5], and will be analysed quantitatively by
application of the enhanced dependence of re-
solution probability » on bubble radius R,
derived in Eq.(11), in the following
Section 3.1.

dv/dt = 0; (N oc x*?)

n

>

X

Fig. 1. Schematic diagram of nodal lines in the case of a slow
dependence of b on Ry, i.e., a = 0+1. Velocity vectors and the critical
point I (stable node) are indicated
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dN/dt = 0; (N o x**2x)

dx/dt = 0; (N o< x*?)

n
»

X

Fig. 2. Schematic diagram of nodal lines in the case of a rapid
dependence of b on Ry, i.e., a = 1+2.
Two critical points I (stable node) and Il (saddle) are indicated

2. Model validation

2.1. ITU tests

Transmission electron microscopy (TEM) has
been used in an extensive study [5] of the mi-
crostructure of base-irradiated and transient-
tested samples of LWR nuclear fuels. The
steady state base irradiation of 3 % enriched
UO, fuel was performed at a maximum linear
power of 260 W/cm (corresponding to the fis-
sion rate ~ 1.3-10" fissions/(s-cm’)) to an av-
erage burn-up of 4.5%. The transient-tested
samples came from pellets of the base-
irradiated fuel which had been further sub-
jected in reactor to power increases up to a
maximum of 420 W/cm (fission rate = 2.1-
10" fissions/(s-cm®)) with hold time up to 60 h
(=2.2:10°s).

Under steady-state irradiation conditions
most of the fission gas produced was re-
tained in solution in the fuel matrix or pre-

cipitated into small fission bubbles with a
narrow size distribution and an average
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diameter of 8 nm. The bubble spatial dis-
tribution was homogeneous, with an aver-
age density of (1.2-1.9)-10** m™.

The effect of the transient test was to increase
the fuel center temperature from 1200°C by
about 300°C, causing significant changes to
fuel microstructure. The major microstructural
change in the fuel center resulting from the
transient was the formation of a new popula-
tion of large fission bubbles with a broad bub-
ble size distribution (30 to 500 nm in diameter)
and an average bubble density of 7-10"m>.
The temperature rise at the fuel periphery, on
the other hand, was small and the microstruc-
ture remained essentially similar to that of the
base-irradiated fuel, with similar density and
distribution of small fission bubbles.

Results of the standard MFPR version calcula-
tions of the transient tests [S] show that the in-
crease of temperature from 1200 to 1500° C and
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fission rate from 1.3-10" to 2.1-10" fissions/

(s-cm’) leads to an insignificant increase of the
mean bubble diameter and the bubble distribu-
tion function width, as well as conservation of
the bimodal character of this distribution (in
accordance with qualitative predictions in Sec-
tion 2), also at longer times after transient,
Fig. 3. An agreement with observations might
be improved only by a significant increase of
the bubble mobility by several orders
of magnitude.

Implementation in the MFPR code of the ad-
vanced model for gas re-solution from bubbles,
Eq. (11) coupled with the Mikhlin’s bubble
diffusivity model [6] (which is described and

i
_— e — —

modified in paper of this Collection on p. 34),
allows qualitative and quantitative improve-
ment of the code predictions. Owing to the
onset of the new critical point at the intersec-
tion of the two nodal lines in the phase por-
trait of the system, Fig. 2, and higher bubbles
diffusivities at elevated temperatures (pro-
vided by the Mikhlin’s model), the formation
of the “trimodal” bubble distribution func-
tion (i.e., single atoms and two populations
of bubbles) with an extended interval of bub-
ble sizes is predicted. Moreover, distribution
function widens continuously with time after
transient and becomes very similar to the
observations [5], Fig. 4.

Base irradiation
Bump irradiation 56 h
Bump irradiation 278 h

N
N
1

18

16

Bubble concentration, log,,(Cp)
N
o

g X
_ Jf'/ \
1 W ®
] W\
] \
1 10 100

Bubble diameter, nm

Fig. 3. Size distribution function for intragranular bubbles calculated by MFPR with standard model
for gas re-solution from bubbles.
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Fig. 4. Size distribution function for intragranular bubbles calculated by MFPR with advanced model
for gas re-solution from bubbles

2.2. Riso tests

Transient tests [7] have been carried out in the
Risg Project to explore fuel performance at
increasing burn-up levels to ~45MWd/t and
beyond, especially for power increases (tran-
sients) late in life.

The tests were performed with the fuel of PWR
design, pellet diameter 9 mm, pellet density
93.7% TD and grain diameter 6 um. The ANF
fuel had been irradiated in the Biblis-A reactor
(Germany) to burn-up of 4.3-4.4 % FIMA (pin
average). The highest linear power seen by this
fuel was 26.7kW/m. The fuels did not release
more than 0.3 % of their fission gas inventory
during the base irradiation. According to the
calculations [7], the temperature of the clad-
ding surface determined by film boiling was
613K in case of PWR fuel and 563K in the
case of the BWR fuel, whereas fuel centerline
temperature ranged from ~1773K at linear
heat rating 30 kW/m to ~2273 K at linear heat
rating 40 kW/m.
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Bump irradiation was carried out in the DR3
reactor. The approach to the terminal power
was made either in two large jumps or in mul-
tiple steps of 2 or 5kW/m. In all of the instru-
mented tests, the fuel center temperature and
the fission gas pressure in the plenum were
simultaneously measured. Post-test examina-
tions of the specimens allow authors of [7] to
plot fractional gas releases and grain growth as
functions of terminal local fuel temperature.

Fig. 5 shows measured and calculated release
curves for three representative sections of tran-
sient-tested ANF fuel with hold times 4, 40
and 62h. Calculation results plotted in these
figures were obtained with the same set of
models and model parameters as in the previ-
ous calculations in Section 3.1, and are in a
reasonable agreement with experimental re-
sults (taking into account uncertainties in fuel
temperature evaluation in the tests).
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Fig. 5. Fraction of Xe released from the UO, as a function of the terminal local fuel temperature

Radial temperature, K

107



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA

Tpyowr HEPAD PAH. Buinyck 5

Comparison of the local grain size measured in
[7] and calculated by the MFPR code with the
advanced grain growth model (presented in
paper of this Collection on p. 109) is shown in

Fig. 6. It is seen from these calculations that
the grain growth kinetics under transient
conditions is also reasonably simulated by
the MFPR code'.

20 — +
-I— Test
N Calculations

16 — /
g +
g
@ 12 —| +
£
g .
&5 +

8 —

4 —

1400 1600 1800

2000 2200 2400

Temperature, K

Fig. 6. UO, grain size measured in [7] and calculated by MFPR as a function of
the terminal local fuel temperature

Conclusions

A new model for self-consistent consideration
of the irradiation induced re-solution of gas at-
oms from bubbles is developed and imple-
mented in the MFPR code. The model modifies
the standard Nelson’s model [2] by additional
consideration of the influx of the ejected atoms
back to the bubble by diffusion within the re-
solution layer which becomes essential for in-
tragranular bubbles with R, > 5nm. As a result,
the new model allows prediction of the onset
and growth of very large intragranular bubbles
under conditions of transient tests with tempera-

ture increase, in qualitative and quantitative
agreement with the ITU test observations [5].

Being applied to the transient conditions of the
Risg tests [7], the model allows reasonable
prediction by the MFPR code of fractional gas
releases (measured by post-test examinations
of the specimens) as a function of the terminal
local fuel temperature. Being combined with
the advanced grain growth model (paper of this
Collection on p. 109), the code also allows rea-
sonable predictions of the grain sizes measured
in various radial positions of fuel pellets.
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Introduction

Grain growth is the process by which the mean
grain size of aggregates of crystals increases.
The driving force for this process results from
the decrease in free energy which accompanies
reduction in total grain boundary area. Second-
phase inclusions act as pinning agents to grain
boundaries since the attachment of an inclusion
reduces the total boundary energy by an
amount equal to the specific surface energy
times the area occupied by the inclusions. If
the inclusions are relatively immobile, a
boundary pinned at an inclusion (with the
pinning force F,) can only move by breaking
free. This occurs when the driving force AG
for the boundary migration exceeds the pinning
force nyfF, exerted by n, bubbles (per unit
boundary square) on the boundary. In the case
of mobile second-phase inclusions (e.g., gas
bubbles or pores), they migrate along with the
boundaries, in some circumstances giving a
boundary migration rate controlled by the
movement of the second-phase particles.

Speight and Greenwood [1] proposed a grain
growth theory that includes the sweeping of
entrapped microbubbles by the front of an
advancing grain boundary. The basic postulate
of their theory is that small bubbles, because
they exert a minimal drag force on an
advancing grain surface, are swept along with
the moving boundary, whereas large bubbles,
because of their higher drag, can detach from
the advancing surface.

This theory was applied in the VICTORIA
code [2] to modelling grain growth and grain
boundary sweeping. Various types of grain
boundary pores and bubbles (i.e., grain face,
edge and corner) which exert different drag

_ 05
__dR, _V(O{ LSWOR,
gb — Veb

dt

forces owing their different shapes and sizes
were additionally considered in the code fol-
lowing Rest [3]. In this approach the drag force
exerted by an attached bubble moving along
with the boundary is calculated as the pinning
force F,, evaluated for immobile inclusions.
For this reason, the grain boundary velocity is
determined in [2] by the resulting force AG—
npf’,, acting on the boundary and the grain
boundary mobility u,:
Vgp =Uy, (AG—anm) .

Naturally, such an approach is valid only for
estimation of the pinning effect on the bound-
ary exerted by immobile inclusions. In the
general case the resulting drag force can be
significantly lower and essentially dependent
on the inclusions mobility. For this reason, the
drag force should be calculated self-
consistently with the grain boundary velocity
as proposed by Nichols [4].

However, Nichols analysed a simplified
problem of a single boundary movement
representing an average behaviour of an
aggregate of crystals, without consideration of
a real size distribution of grains and their
coalescence. Such a consideration can be done
in the framework of Hillert’s mean-field ap-
proach [5] and was performed in the authors’
papers [6, 7]. Besides, an additional considera-
tion of various types of grain boundary pores
and bubbles (i.e., grain face, edge and corner)
which exert different drag forces owing to their
different shapes and sizes, was carried out and
eventually resulted in

-1
(n,' +nb. +nb’ )] , (L.1)
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where v;g) =u, -AG is the grain boundary

velocity without bubbles, Egr is the mean

grain radius, »; and b; are concentrations and
mobilities of face (f), edge (e) and corner (c)
bubbles, respectively.

Another deficiency of Nichols’ analysis [4] is
associated with consideration of a retarding
effect using the standard mechanisms of
bubble mobility derived by Shewmon [8] for
intragranular bubbles. However, besides a
more complicated (so called “lenticular”)
shape of grain face bubbles, the migration
mechanism of these bubbles might be
essentially different from that of the
intragranular bubbles, owing to their specific
location on and interaction with a grain
boundary. A new mechanism of the lenticular
grain-face bubble migration which controls the
bubble mobility and determines the drag force
exerted on the grain boundary, proposed in the

authors” paper [7] will be presented
in Section 1.

In Section2 the new mechanism of the
intergranular face bubble migration is applied
to consideration of the peripheral bubbles in
the mean field approximation following the
original publication of the authors [9].

In Section3 of the current paper further
improvement of the grain growth model con-
trolled simultaneously by intergranular pores
and bubbles migration, is presented. For this
purpose, pore coalescence during grain growth
(considered in the authors’ papers [10]) and
pores shrinkage, caused by vacancies knockout
from pores under irradiation and by vacancies
thermal evaporation, are self-consistently con-
sidered in the improved model.
Implementation of the advanced grain growth
model in the MFPR code and its validation
against various tests are presented in
Sections 4 and 5.

1. Grain growth kinetics controlled by grain-face bubble migration

In accordance with [4, 8], the mobility of a
spherical intragranular bubble with radius R, is

determined by various migration mechanisms:
bR, (1.1)

where n=3 for the mechanisms of lattice
diffusion and gas phase transport, and » = 4 for
the surface diffusion mechanism.

It was usually assumed that the same migration
mechanisms can be also applied to the grain
face bubbles with some renormalisation of the

1.1. Phenomenological consideration

Before presenting a more detailed “micro-
scopic” consideration of the grain boundary
migration with attached bubbles, a phenome-
nological approach to calculation of the retard-
ing force exerted by bubbles on the moving
boundary will be presented.

The driving force for the boundary migration
can be derived from the pressure gradient
across the boundary arising from its curvature
given by expression AG =&y, / R, . This
pressure gradient between the two adjacent
grains provides different boundary conditions
also for gas bubbles in these grains; in particu-
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proportionality coefficient in Eq. (1.1),
owing to a more complicated lenticular
form of these Dbubbles (see below
Section 2.3). However, a more profound
difference from free intragranular bubbles
arises on grain faces, which can
significantly reduce the intergranular bubble
mobility and thus migration velocity of the
grain boundary. This new rate determining
mechanism proposed in [7] of bubble
migration will be presented in this Section.

lar, an additional external hydrostatic pressure
Dexp = AG is applied to the spherical segment

of the lenticular bubble surface in the shrink-
ing grain.

In order to clarify the nature of the drag force
exerted on the grain boundary by an attached
bubble, at first a simplified limiting case of a
complete equilibrium of the lenticular bubble
with both grains (shrinking and growing)
separated by the boundary under steady-state
conditions, will be considered, Fig. 1. In this
limiting case:
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Ap, =p, -2y, / R, =0, (1.2) different, this induces different contact angles
0, and 0, with the grain boundary:

Ap. = -2 i R—AGZO, 1.3
\D, b, Ys/l ( ) Rl-sinelsz-SiHGZZPb, (14)

where p, is the internal bubble pressure, R; and
R, are the curvature radii of the two surface where p, is the projected radius of the bubble

segments of the bubble. in the plain of the boundary.

One can see from Egs. (1.2) and (1.3) that the
curvature radii of the two bubble surfaces are

Grain 1

Pext = AG
ng
ygb‘

Grain 2

Pext =0
\ /
AN /
N - _ ~

Fig. 1. Determination of the drag force exerted by attached lenticular bubble
on moving grain boundary

Assuming a balance between the surface tension forces in the plane of the grain boundary under
steady-state conditions:

Y e :ys(cosel+cosez), (1.5)

one can calculate a net force exerting by the bubble on the grain boundary in the normal to the grain
boundary direction (see Fig. 1):

2npy, (sin®, —sin®, ) - F, . (1.6)

Substituting Egs. (1.2)—(1.5) in Eq. (1.6), one gets
F,=AG-np;, (1.7)

and therefore, the driving force for the grain boundary migration is reduced proportionally to the
reduction of the grain boundary area owing to its coverage with bubbles:

AG'=AG - F,n, = AG(1-n,-p} ). (1.8)
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Grain 1

Fig. 2. Determination of vacancy fluxes along the grain boundary in two adjacent grains providing relocation of
a lenticular bubble coherently with the grain boundary

The above presented consideration of the bub-
ble equilibrium with the two grains can be jus-
tified only in the case when the rate determin-
ing process of bubble mobility is infinitely fast
in comparison with the grain boundary migra-
tion. In a more general case of a finite bubble
mobility, a complete equilibrium between the
bubble and the two grains is not attained,
hence Eqgs.(1.2) and (1.3) are not anymore
valid. It is straightforward to show that in order
to uphold a coherent migration of the grain
boundary and the attached bubble in this case,
the values Ap, and Ap, become non-zero

and obey the relationship
2y

Ap,=p,——L-AG =
Rl
(1.9)
2y,
=-Ap, = R -p,=¢€>0.

2

Indeed, during a time interval df the grain
boundary moves over a distance v,, -dr. If the
bubble is “frozen” at its position, the volume
of the upper part of the bubble will be de-
creased by a value dV = Tcpivgb -dt , whereas
the volume of the lower part will be increased
by the same value dV, see Fig. 2. In order to
sustain the bubble migration with the grain
boundary velocity v, , vacancy fluxes along
the upper and lower surfaces of the grain
boundary, J" and J, should compensate
these volume variations:

J D 2mp,Qdt = —J > 2mp, Qdt =

(1.10
=dV = Tcpivgb -dt, )
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where Q is the vacancy volume. It is assumed
that each of the vacancy fluxes (J" or J@)

occurs in a thin surface layer with a thickness
w = 0.5 nm of the corresponding grain (grain 1
or grain 2), characterised by a relatively high
self-diffusion coefficient Dy

These fluxes will be farther calculated in the
following Section 1.2, nevertheless, from the
physical point of view (confirmed by
calculations presented below) it is clear that

the values of J!" and J'” are determined by

the pressure differences Ap, and Ap,,
respectively, which should obey condition
Ap, =—-Ap,, Eq.(1.9), in order to sustain

relationship J" =—J, Eq. (1.10).
Egs. (1.4)«(1.6) are still wvalid for the
considered case of a non-equilibrium bubble
with the steady-state lenticular shape, and
along with Eq. (1.9) determine
the retarding force:

F, =2mpy, (sin6, —sin6, ) = i

=7p, (AG +2¢). '

Substitution Eq. (1.11) in Eq. (1.9) results in

Vg =g [AG(]—nb -npf)—2snh -npﬂ.(l.u)

Superposition of Egs. (1.12) and Eq. (1.10)
with explicitly calculated fluxes J” and
J iz)as a function of ¢ will finally determine

the migration of the grain boundary with
attached bubbles.
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The same result, Eq. (1.12), derived in the pre-
sent Subsection in phenomenological approach
(i.e., by consideration of mechanical forces,
acting on the boundary and bubbles), can be
obtained in a more accurate microscopic ap-

1.2. Microscopic consideration

In accordance with Cole, Feltham and Gilliam
[11], migration of a grain boundary of a grow-
ing grain takes place in steps of one interatomic
spacing a as atoms transfer from the neighbour-
ing grain across the boundary under the pressure
difference AG across the boundary:

(0)_ZUCIQ Q _
Ve = T AGexp(—k—szugbAG, (1.13)

where v is the atomic oscillation frequency on
the grain boundary, Q is the activation energy
for self-diffusion in the grain boundary, Q is
the atomic volume. The grain boundary mobil-

ity u, = iiLTQexp(—k%J can be also

evaluated following Burke and Turnbull [12] as
— D ng

- , 1.14
Heb 2wkT (1.19)

where 2w = 1 nm is the thickness of the grain
boundary, D,, is the self-diffusion coefficient

in the grain boundary.

The above described process of atomic jumps
can be equivalently considered as translations
of vacancies from the growing grain to the
adjacent one with the same rate as translations
of atoms in the opposite direction. The

corresponding flux of vacancies JV(O) in the

normal to the grain boundary direction is
uniform over the grain boundary surface (with
the total area S) and thus determines the grain
boundary relocation during the time interval df,
in accordance with the following relationship:

J QS .dt =S-dx. Therefore, the grain
boundary migration velocity v;g) =dx/dt can
be represented in the form
vfgg) = jV(O)Q , and thus

J" =u,AG/Q. (1.15)

In the presence of attached bubbles with the
surface coverage n, and mean projected radius

proach based on self-consistent calculation of
vacancy fluxes across and along the grain
boundary, which will be presented in the fol-
lowing Subsection 1.2.

ps, the vacancy flux takes place across the re-
duced surface of the grain boundary

A) (l—nbrcpi). In the limiting case

(corresponding to an infinite bubble mobility,
or ¢ —> 0), when the lenticular bubble attains
equilibrium with both grains separated by the
boundary, the vacancy flux is still uniform
over the reduced grain boundary surface, and
thus, Eq. (1.15) can be used in the balance
equation:

VS =JQS (1-n,mp; ). (1.16)

Therefore, in this case the grain boundary ve-
locity is calculated as

v =u,AG(1-n,-mp; ). (1.17)

in agreement with Eq. (1.8).

In a more general case of a limited bubble
mobility when a complete equilibrium between
the bubble and the grains is not attained and
€>0, a spatial variation of the vacancy
chemical potential over the grain boundary
faces takes place. On the one hand, this
chemical potential variation induces the va-
cancy fluxes to (from) the bubble along the
upper (lower) surface of the grain boundary,

Jil) and Jiz) , introduced in Eq. (1.10). On the

other hand, the pressure drop across the boundary
becomes also non-uniform over the grain face
area. In order to calculate the total vacancy flux
across the boundary in this case, one should self-
consistently consider the vacancy transport along
and across the grain boundary, on the base of
calculation of the spatial variation of the vacancy
chemical potential.

As shown by Speight and Beere [13], variation
of  the surface  chemical  potential

il (r) =0,, (r) Q) in a grain reflects exactly

the steady state distribution of normal stresses
over the grain boundary area unoccupied by
bubbles. In the currently considered problem
with a moving grain boundary under pressure
difference across the boundary, such a conclu-
sion should be generalised and independently
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applied to each of the two adjacent grains, must equal the total load applied to each face

w,(r)= 6" (r)Q. The integral of these of the grain boundary. Hence, following [13],

. . one obtains
stresses over the area (with the mean radius

R z(nnb )_1/2) associated with one bubble

R
“ 2
Q° I“l,z (r)2nrdr = GI,ZTERcz _[R_ys_ prTCpi ) (1.18)

Py 1,2

where the first term on the r.h.s. arises from the normal stresses c,,at each of two surfaces of the

grain boundary in the absence of attached bubbles. In the presently considered case these stresses up-
hold the pressure gradient AG across the grain boundary, i.e.,

o, =0, +AG. (1.19)
The second term on the r.h.s. of Eq. (1.18) expresses the force which the bubble surface tension exerts

on the boundary. This term can be calculated as the integral of the normal stress on the lenticular bub-
ble surface:

Hio (Rl,zae) =a,” (O)Q = {;YX _pb]Q
1,2

over the corresponding surface segment of the bubble:

J.Gf“lf) (R(l,z))dS1,z = {;YS —pb]npi .

1,2

Grain 1
Vb " (0,)
oV (r)
ﬁ“ A A
Bubble J o [y(r)—mi(r)]
IV a(r)
Grain 2 ](92) (7‘5—92)

Fig. 3. Schematic representation of vacancy fluxes along and across the grain boundary

As illustrated in Fig. 3, the chemical potential gradients along the grain face surfaces, V p,and V p,,
determine the vacancy surface fluxes J v(l) and J iz) , introduced in Eq. (1.10), whereas the chemical

potential drop across the grain boundary ou(r)=u,(r)—p,(r)determines the vacancy flux across
the grain boundary:

J(r) =u,du(r)/ Q. (1.20)
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Integrating this flux over the grain boundary area unoccupied by bubbles and using Eq. (1.18) one can
calculate the grain boundary velocity:

R,
L _ 2 2y 2y, 2
Vb = Q;Rcz p'b[(,uz (V)_ Hy (r))Zﬂrdr =Ughy, {(02 — 0 )”Rc - [R_z - ?} o, |- (1.21)
The second term on the r.h.s. of Eq. (1.21) is calculated from Eq. (1.9):
2 2
s 2V g4 AG. (1.22)
RZ Rl
Substitution of Egs. (1.19) and (1.22) in Eq. (1.21) results in
vgb=ugb[AG(1—nb-npi)—28nb-npﬂ, (1.23)

which exactly coincides with Eq. (1.12).
An additional relationship between v,, and € can be obtained from the balance equation, Eq. (1.10), if
the surface vacancy fluxes J fl) and J 52) are properly ascertained. These fluxes obey the continuity

equations on each face of the grain boundary, which in the system of coordinates moving along with
the grain boundary take the form

Ve J 2T (r)Fv, Q7 =0 (1.24)
or
DywQ _, ”rb(,uz_,ul)_
é’k—TVSyuiéT+vgb =0, (1.25)
with the boundary conditions
dp, , 2y
, =0 and — s Q. 1.26
[ dr - Hi2 (pb ) R, Py (1.26)

It is straightforward to see that integration of Eq. (1.25) over the surface non-occupied with the
bubbles, directly results in the first part of Eq. (1.21), if Eq. (1.10) is valid.

Solution of Egs. (1.25) and (1.26) determines the vacancy fluxes at the bubble surface [7]:

J(l):_J(Z):D—g”WQ AG + 26— 22 XKl(Xpb)ll(XRC)_II(Xpb)Kl(XRC)
Y uy )7 1 10y ) Ky (xR )+ K,y (20, ) 1 (XR.)

where ¥ = \/2u kT 1 DywQ , and [ (,,l(x) and Kojl(x) represent the first and the second modified

. (127)

Bessel functions of the zeroth and first kind, respectively.

Substitution of Eq. (1.27) in Eq. (1.10) results in the additional relationship for the grain boundary
velocity:

1
D,,wO R)(. Dwo R
v = (AG+26) npt | 22 19 (1Pys 1 c)[H W0 (1P X C)J s

kTp, kTp,u,,

K, (xpy) 1 (2R ) =1, (20, ) K, (%R.)
L (xp, ) K, (xR )+ K, (xp, ) 1 (2R.)

where @ (p,, xR, )=
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In the meaningful limit R, >>w, p,=w, one has with a very good accuracy

@ (xpy xR ) =1, until p, <R_:

vy, =(AG +2¢)mp,

ngwQX

kTp,

b=f

-1
D, wQ
£1+ £ Xj =Fb,. (1.29)

kprugb

Superposition of Egs. (1.23) and (1.29) allows exclusion of the parameter € and final calculation of the

grain boundary velocity:

_ Uy b,/
ugb—i-bf/nb

gb

AG, (1.30)

where the bubble mobility is presented by the expression in brackets of Eq. (1.29):

_ D, wQy,

7 mkTp}

-1
D_wQ
£ X] (1.31)

kprugb

A further simplification of Eq. (1.31) can be attained using evaluation of the grain boundary mobility

ugyin Eq. (1.14) resulting in ( = w". In this case the bubble mobility can be approximated as

D_ Q
h,=—2 [1+

s kTp,

2Wj_1 - ngQ

R——. 1.32
kTp, (1:32)

2. Retarding effect of peripheral bubbles on grain growth

in irradiated fuel

In the current section the new mechanism of
the peripheral intergranular bubble migration
associated with vacancy fluxes along grain
boundary is considered following the original
publication of the authors [9].

The shape of UO, grains is considered as
truncated octahedron or tetrakaidecahedron
(TDK) [14]. The TDK has 14 faces, six of
which are square and eight hexagonal,
36 edges and 24 corners. When packed to-
gether an array of TDKSs can fill all available
space in a solid and thus represents an appro-
priate basic building block. The meeting point
of each grain face is shared by two grains, each
grain edge by three grains and each grain cor-
ner by four grains. Face bubbles are uniformly
distributed over these faces with the surface

concentration 1, =1/ nR> and bubbles of the

two other types (N, edge and N, corner bub-

bsin(0, +¢—1/2) b,sin(6, +¢—m/2)

bles, associated with one grain face) are lo-
cated on the periphery of the faces, Fig. 4.

Tucker has further rationalized the TDK struc-
ture by assuming that the grain is composed of
fourteen circular faces with radius e [15]. The
grain edge porosity is represented in this model
by a tube (or “toroid”) threading around the
circumference of the grain face. The volume of
toroid is equal to the volume of edge porosity
Vs associated with one. Toroid is formed by
rotation of arc GH (IH) around the vertical axis
passing through the center of grain face [15],
as shown in Fig. 5.

In the process of the grain boundary migration,
toroid changes its form similarly to grain face
bubbles and one should distinguish between
upper and lower surfaces of toroid. Each of
these surfaces is determined by their own ra-
dius of curvature b, and contacted angle 6,5,
which obey to so-called «lacing equationy:

sin(mt— o)
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that is analogous to the relationship (1.4) for the face bubbles.

Fig. 4. Peripheral grain boundary bubbles Fig. 5. Toroid (a) and its cross-section (b)
(edge and corner)

2.1. Continuity equation for vacancy fluxes on grain face

The vacancy flux to the periphery of the grain face will be calculated within the mean field
approximation. In this approach vacancy sinks into the face bubbles are represented as a sink
uniformly distributed over the grain face with the strength:

_ Jlf,azce (r=p,)-2mp,Q

S
R’

(2.2)

From the condition of coherent relocation of the grain boundary-bubble complex, Eq. (1.10), the dis-
tributed sink strength, Eq. (2.2) of face bubbles occupying the grain face with the surface concentra-

tion n, =1/ TR’ tares the form
S=Fp,v, | R.. (2.3)
The continuity equations at each face of the grain boundary in the system of coordinates moving along
with the grain boundary, takes the form
Vi, Ty, (1, —1,)/QF v, FS=0 (2.4)

with the boundary conditions at the grain face periphery [15]:

Mo (r=e) =(Kps7, = P )2 (25)
where K , is the toroid surface curvature and p,, is the gas pressure in the toroid. The first term in Eq.
(2.4) is the vacancy flux along the upper (lower) face of the grain boundary:

D,w

Jip=— TO Viltiss (2.6)

and the second term is the vacancy flux across the grain boundary.
Superposition of equations (2.4) forms the system of Laplace and Helmholtz type equations for
K, +u,and p, —p, which has solution (see Appendix A):

AG _ Q| L(xr) - Q
Ml’z(r):_7+£(AG+28tor)Q_(vgb +S)E]m+(vgb +S)ggb, (27)

where ¢, = K,y — Py, -
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Correspondingly, the total vacancy flux to (from) the grain boundary periphery with perimeter 2me,
along the upper (lower) surface of the grain boundary is

Jio= 1((AG +2¢g,, ) -

Vg + SJ neD,,wy 1, (xe)

kT I,(xe) 8)

Self-consistency of the above presented mean-field approximation is shown in Appendix B.

2.2. Coherent migration of edge and corner bubbles

The calculated vacancy flux to the periphery
should be distributed between two kinds of the
peripheral bubbles. Such a distribution can be

described by two weighing factors mn,, 1., so

that the vacancy flux to (from) each kind of the
bubbles is equal to

[1(,6236) = ne,c‘]l,Z /Ne,c . (29)

These factors can be found from condition of
the equal velocities of the two kinds
of the bubbles:

V, =V, =V, (2.10)

Indeed, displacement of the grain boundary
with the attached peripheral bubbles is associ-
ated with relocation of the bubbles cross-
sections, dashed in Fig. 4. Areas of these cross-
sections are S, and S.. Therefore, a part of the

bubble volume swept by the moving grain
boundary dV, =S, v, should be compen-
sated by the vacancy fluxes / 1(36) over the grain

boundary faces, which provide bubbles migra-
tion with the grain boundary velocity v,

(compare with a similar consideration for the
face bubbles in Eq. (1.10)):

VepSee = 1157Q). 2.11)

Comparing Egs. (2.10) and (2.12) one
can evaluate

S@ CNE‘ C

ne,c = ; ;

=_ecec (212)
SN +S.N,

2.3. Forces exerted on peripheral bubbles and toroid

Similarly to consideration of face bubbles in
Section 1.2, the integral of the normal stress
over the unoccupied area associated with one
«toroidal bubble» must equal the total load
applied to each face of the grain boundary.
Hence, one obtains

Q' I w,, (r)2mnrdr =

S fuce °

= cYl,zne2 - (KI,ZYJ = Pror )Swr

(2.13)

where the first term on the r.h.s. arises from the
normal stresses G, , at each of two surfaces of
the grain boundary in the absence of the at-
tached toroidal bubble. In the presently consid-
ered case of the moving boundary these
stresses uphold the pressure gradient AG across
the grain boundary, i.e.,

o, =0, +AG. (2.14)

The second term on the r.h.s. of Eq.(2.13)
expresses the force which the toroid surface
tension exerts on the boundary. This term can
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be calculated, for example, analogously to the
Lh.s. of Eq. (2.13) as the integral of the normal
stress on the toroidal bubble

M2 (R1,2> e) =c,,” (G)Q = (Kl,zys - pmr)Q

over the corresponding segment of the toroidal
bubble:

F,= J‘fo,;z) cos6-dS, , =
= (KI,Z,Ys _ptor)Stor

is the toroid projection area. In

b

where S

tor
order to sustain a coherent migration of the
grain boundary and the attached toroid, the

vacancy fluxes J'"” and J*, which are de-
termined by the pressure differences Ap, and
Ap, , respectively, should obey the relation-
ship J V(l) =—J V(Z) , which results in the condi-

tion Ap, =—Ap,:

ptor _AG_KIYS +

(2.15)
+ptor - KZYS = O
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Therefore, the force acting on the toroid F,

tor

F, :F;_F;:(KZYS_KeYS)

tor

is equal to:

S

for

=(AG+2¢,,)S

for 2

(2.16)

After substitution of Egs. (2.8) and (2.9) in Eq. (2.15) and taking into account Eq. (2.16) one obtains:

— ngQ |:S6N

Vv =
@ kT S tor

Tem,

-1
2
+ 2w[1+%ﬂ F, . 2.17)

c

Similarly one obtains the force acting on the edge and corner bubbles:

F,, =(AG+2e,,)-S,,, (2.18)

e,cl?

where g, :Se,c(R R, pe,c) from the corresponding conditions for coherent migration of the

boundary and the attached bubbles.

2.4. Grain boundary retarding effect

The grain boundary velocity depends on the net force acting on the boundary:

dR

=—%=u, (AG—anf—FCne—Fcnc), (2.19)

A%
S

where 7, is the surface concentration of the i-th
bubbles.

Each grain face with the surface area me” has
one toroid bubble, so, one should assign to the
toroid bubbles the surface concentration 1/me’.
The force acting on the toroid must be equal to
the sum of forces acting on the edge and corner
bubbles:

F,.= (Fene +F.n, ) ne’.  (2.20)

For a more realistic description of grain growth
with consideration of size distribution and coa-
lescence of grains one can obtain for the mean
grain velocity a new relationship instead of
Eq. (2.22), taking into account the relationship

5 =50
Vg =V | 1+

-1 -1 -
D _Q 2 D QO
vgb:ugbAG l+ugb £b | on+uy, ﬂ+2w 1+p_§, et &
kTnp, Ten, c kT S

In this case the grain boundary retarding effect
associated with the toroid coincides with one
associated with the peripheral bubbles. There-
fore, the grain boundary velocity can be repre-
sented in the form

vy =ty (AG-Fn, —F, [ne’).  (221)
Superposition of Egs. (1.29), (2.17), (2.20) and

(2.21) results in the relationship for the bound-
ary velocity:

. (2.22)

(0 p
8GR, n kT (
!

> : N,
S61,0/P 0]

AG =8y, / R, and assumption about differ-
ent diffusion coefficient along (D;Q) and

across (D;f)) the grain boundary (see Sec-

tion 4 below):

-1

St (ﬂuwuij /cZD : (2.23)

face

e

where S, ~2ne’\|AV/V, from geometrical consideration.
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3. Combined retarding effect of pores and bubbles on grain growth

in irradiated fuel

The grain growth model presented in Section 2
was in [10] further developed and applied to
the analysis of the normal grain growth kinet-
ics controlled by pore migration during fresh
UO, thermal treatment (sintering). Additional
consideration of fuel densification (i.e., poros-
ity reduction) allows explanation of compli-
cated grain growth kinetics characterised by
non-integer growth exponents observed in re-
cent tests [16].

Under irradiation conditions pores additionally
shrink owing to vacancy knockout mechanism

suggested by Dollins and Nichols [17]. Self-
consistent consideration of both pore shrinkage
mechanisms will be presented in the current
Section.

Furthermore, the retarding effect on the
moving grain boundaries from both types
of intergranular porosity, i.e., pores and
gas-filled bubbles, should be simultane-
ously considered in the general case of po-
rous fuel under irradiation conditions.

3.1. Effect of pores on normal grain growth kinetics

Grain growth in the final stage of UO, fuel
sintering is the result of interactions between
grain boundaries and residual porosity. Pores
on the grain boundaries give rise to drag effect
which impedes boundary motion. In the
majority of experimental studies grain growth
was approximated by a more slow kinetic
equation:

RL()-R(0)=K't

with the growth exponent n»=3 or 4.
Recently it was revealed that in many cases
the grain growth kinetics must be described
by non-integer exponents, somewhat
different from 3 or 4 [16].

For explanation of the normal grain growth
kinetics, a series of models has been pro-
posed, most of them based on consideration
of Kingery and Francois [18]. They
assumed that, as grains are removed in the
growth process, pores migrating with the
boundaries are brought together, and pore
growth occurs together with grain growth,
see [10]. After, say, twofold increase of the
mean grain size, an amount of grains N,
decreases by one order of magnitude

(N, ocl?g‘f ), and practically all pores are

located at grain corners, so amount of pores
N, becomes proportional to the amount of

grains, N, < N, .

Shrinkage of an isolated pore owing to
vacancies  evaporation  during  thermal
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annealing can be calculated by application of
the Speight and Beere’s approach [13] (for the
grain face cavities) to the case of the corner
pore, which is located at intersection of 6 grain
faces (4 hexagonal and 2 square):

oV, _3.67m0D,w 2y,

ot BT

, (3.

P

where D, is the grain boundary self-

diffusion coefficient of wuranium atoms,
B=In(R /R,)-0.25(1-R’/R})(3-R’/R)

-1
is the dimensionless factor, (chz) =n, de-

termines the radius of the pore sinking zone R,
which can be estimated taking into account
that 24 corners are distributed over the grain

. 2 .
surface with the area of  4nR > 1-€05

n,~6/nR. and R ~R, /J6, (3.2)

where 7, is the surface concentration of corner
pores on the boundary.

Therefore, decrease of an isolated pore radius
can be evaluated from Egs. (3.1)~(3.2) as

OR 5.5QD  w
Pz_ gb ’Ys E—i’(33)
o BT R, R,
where
5.5QD
o =22t (3.4)
BKT
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Neglecting pores shrinkage, one can obtain
(following Kingery and Frangois [18]) that
variation of total porosity in the course of

pores coalescence is zero, d(N ,,17,,)/ dt=0.

However, taking pores shrinkage into
consideration, one will obtain that in this case

dt Poot’
where
d(NV dV.  _ dN
( ”)zN Ly —2 (3.6)
dt P dt ?dt
and
N,<N, <R 3.7)

Here 8171) / Ot denotes variation of the pore

mean volume owing solely to pores shrinkage,
Eq. (3.1), whereas dV, / dt denotes total varia-

tion of the pore mean volume owing to pores
simultaneous shrinkage and coalescence [10].
Substituting Eqgs. (3.1), (3.6) and (3.7) in
Eq. (3.5), one obtains
dR. R, dR
w2 (38)
dt R, dt 3Rp

In the case when the corner pore mobility
controls grain boundary movement, the
relationship for the mean grain radius growth
controlled by pore mobility, similar to
Eq. (1.2), takes the form

D2
0.1 125 Ry

LY (R BN 2 (3.9)
dt 81 R, n, w0
where Eq.(3.2) was used for n, and
3D Q4/3
b,~————, if the surface diffusion
" 2mkTR;

3.2. Irradiation conditions

mechanism controls the pore migration kinet-
ics. Substituting this value in Eq. (3.9), finally
one obtains

R, =q)lig: , (3.10)
dt R,
where (pzyj—l(’)&D;c—v;f).

The system of Egs. (3.8) and (3.10) has the
solution

R oc RUP) 3.11)

P &r

and

R (=R (0) =K @

gr

The total porosity reduction can be calculated

— 3
= - R
as I/pores = Npr o NPR; oC (E_pJ and after
ar
substitution of Eq. (3.11)
Viwes = NV, = R =R.*, (3.13)

pores gr
where a=a/@.
Substituting Egs. (3.4) and (3.12) in Eq. (3.13),
one can evaluate

D

& D,

where &~ 1-2, parameter  depends on the

(3.14)

fuel porosity (see designations after Eq. (3.1))
and for the fuel density 96-98 % varies in the
range 0.2-0.3. Numerical estimations of
Eq. (3.14) were presented in [10].

Under irradiation conditions an additional mechanism of the irradiation-induced vacancy knockout
should be taken in consideration, which results in the following rate equation (instead of Eq. (3.8)):

dR, R dR

where the new term corresponds to the vacancy knockout model suggested by Dollins and

Nichols [17]:
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at" = —8TANQFR; (3.16)

where F is a fission rate, 1 = 100 is the number of vacancies knocked out of a pore per collision and
A =10°m is the length of the fission fragment path.

In Hillert’s mean field approximation for grains coalescence, Eq. (I.1), the mean grain boundary veloc-
ity supplemented with the new type of inclusions (pores) takes the form

) OF>
_dR, _ (0)[1 $1v'D,,

-1
< (nb +npb, +nb +nb')| (3.17)
FO’ng

where, for the prototypic case of large pores with R, > 1 pm the surface diffusion mechanism controls
the pore migration kinetics:

3D Q4/3
r—— 3.18
P 2mkT. R; 3.18)
Finally, taking into consideration the new term, the modified Eq. (2.23) takes the form
-1
8WOR S (DY (SN
v, =V | 142 |y it D | T80 2 gy 14 B P, b, (319)
8y o ' S e kT e, RC

which in combination with Eq. (3.15) determines the grain growth kinetics controlled by pore and
bubble migration in irradiated fuel.

4. Model implementation

New model was implemented in the integral diffusivity along the grain boundary measured
code MFPR, which is developed for analysis of by Alcocketal. [21] is D;Q ~4-10%exp
fission products release from irradiated UO, (-35250/T)m%s. This contradiction can be

fuel [19, 20]. The code simulates evolution of
concentration and size of intergranular bubbles,
and thus the newly implemented model allows
self-consistent calculation of the grain boundary
retarding effect by the attached bubbles.

explained by an assumption that the diffusivity
along the grain boundary differs from the dif-
fusivity across the grain boundary [7].

Under this assumption Eq. (1.32) takes the form

The normal grain growth kinetics in non- u, = D;QWQX / nkTp,,  where
irradiated and non-porous fuel is represented in
: : ) ]
the MFPR code in the standard parabolic form: Y = \/ 2u kT / D;b)WQ and
v =v,(R, /R, )-exp(-E,, /T), (4.1) uy ~ DY'QJ2wkT ie.,

(p) )
with  activation energy Eg =44200K \/D ) / D g -

recommended by Speight and Greenwood
[1]. Correspondingly, the diffusivity across
the grain boundary evaluated from Eq. (1.14)

following Burke and Turnbull [12] is Q
1o g ! ! [12] u, ~ : /D(f)D;Q
ng ~ 4-107-exp(—44200/T) m"/s, whereas the nkTp,

Therefore, instead of Eq.(1.32) one gets a
modified expression for the bubble mobility:

(4.2)
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5. Model validation

5.1. Turnbull’s tests

Validation of the new code version was per-
formed against Turnbull’s tests [22], where
high-temperature grain growth in irradiated
UO, fuel was measured. In these experiments
the effect of grain size on the swelling and gas
release properties of uranium dioxide was
studied. Small cylindrical specimens 10mm
long and 3 mm diameter were prepared from
2% enriched wuranium dioxide of near
theoretical density. The fuel samples were ir-
radiated at 7= 1750 °C for period of 2, 4 and 6
months in UKAEA reactor DIDO in a flux of
~2.4-10" thermal neutrons/(m*s). During ir-
radiation the temperature was maintained by
electrical heating; fission heating produced a
temperature gradient within the specimens
~ 100°C from center to surface. There were
three types of samples with the initial grain
diameter d, =7 pm (specimens A and B) and
40 um (specimen C), the latter being produced
by preliminary annealing of specimens A
during 72 hours at 7=1700°C in hydrogen.
Specimens B and C were pre-irradiated to
0.02% burn-up at 80°C. So, the following
identification of the specimens is used:
e specimen A, 7 um starting grain size;
e specimen B, 7 um starting grain size,
pre-irradiated to 0.02 % burn-up at 80 °C;
e specimen C, 40 pm starting grain size,
pre-irradiated to 0.02 % burn-up at 80 °C.

Examination of large-grained specimen C
showed the unchanged average grain size,
whereas specimens A and B exhibited identical
grain growth characteristics with the grain size
increasing from 7 um to 18 pm after 6 months
irradiation.

The density of the samples was close to
theoretical one, for this reason, parameters of
Eq. (4.1) were fitted to reproduce the out-of-
pile annealing behaviour of specimen C (i.e.,

growing from 7 to 40 um during 72 hours at
T=1700°C): 2R, =7um, vo=1.4m/s. The

surface concentration of grain face bubbles
was estimated as ~ 4-10'° m™ from the post-test
fracture surface image presented in [22].

In order to reveal retarding effect of grain face
and peripheral bubbles, experimental results
for grain growth kinetics and swelling are
compared in Fig. 6 with theoretical curves
calculated with several versions of the MFPR
code:

¢ Initial code version, where the standard (sur-
face diffusion) mechanism is applied to the
intergranular bubble migration (Fig. 6a) [6];

¢ Intermediate version, where the new (grain
boundary diffusion) mechanism is applied
to the grain-face bubbles migration and the
standard (surface diffusion) mechanism is
applied to the peripheral bubbles (Fig. 6b)
(Section 1 of the current paper);

e Final version, where the new mechanism
is applied to migration of all intergranu-
lar bubbles (Fig. 6¢) (Section 2 of the cur-
rent paper).

In the standard approach using bubble mobility

u, determined by the bubble surface diffusion

mechanism, Eq.(1.1) calculations strongly

overpredict the measured grain growth kinetics
for all three specimens, Fig. 6a.

The new model predicts a rather good
agreement for the samples B and C and
slightly overpredicts the growth of the
sample A. From comparison of curves in
Figs. (6b) and (6¢c) it is seen, that
contribution of the peripheral bubbles to the
grain boundary retarding effect is essential
under the Turnbull’s test conditions.
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mechanism
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(c) Grain boundary diffusion
mechanism applied to all grain
boundary bubbles (solid lines) in
comparison with case (b) (dashed
lines)

Fig. 6. MFPR simulation of grain size in Turnbull’s test [22]

5.2. Tests of Bourgeois et al.

In the tests [16] already discussed in Sec-
tion 3.1, the normal grain growth kinetics of
fresh UO, pellets with the relative density p
(in % with respect to the theoretical density)
annealed in dry hydrogen was studied. Grain
sizes and changes in density were measured
for two batches, TO and T12, contained re-
spectively 0 and 12 Wt% U;Og. Initial grain
sizes TO and T12 were 8.8 and 10.4 uym and
initial pore size can be obtained from
expression for intergranular porosity:

£ (5.1)
p=——""—. .
Vo +6V
In order to reveal influence of pores on normal
grain growth kinetics, at first calculations with
the standard model neglecting retarding effect
of pores were performed, Eq. (4.1.), Fig. 7.
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Results of calculations with the implemented
new model are presented in Fig. 8. Owing to a
large uncertainty in determination of the dif-
fusion coefficients and the coefficient  (from
Eq. (3.1)), these parameters were slightly
adjusted in order to provide the best
agreement between theoretical simulations
and experimental points. In these simulations
the grain boundary diffusion coefficient Dy,
was chosen as 4.2:10-exp(-35250/T) m*/s, p
was estimated as 0.15 and the surface diffu-
sion coefficient D, as 56-exp(—48945/T) m?/s,
in a rather close agreement with estimations
presented in [24]. Results of calculation with
the improved code version show a reasonable
agreement for the samples T12 and some
underestimation of grain growth for the sam-
ples TO.
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Fig. 7. MFPR simulations of Bourgeois’ tests [16].
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Fig. 8. MFPR simulations of Bourgeois’ tests [16].
New model for normal grain growth controlled by intergranular pores

In Fig. 9 calculated curves for fuel density, Eq. (5.1), are compared with experimental data. The attained
agreement between simulated porosity evolution and experiment data is also quite satisfactory.
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Fig. 9. MFPR simulation of porosity evolution in Bourgeois’ tests [16]
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5.3. Tests of MacEwan and Hayashi

The MFPR code with the new advanced model
was applied to simulation of the grain growth
during post-irradiation annealing of uranium
dioxide observed in the MacEwan and Hayashi
tests [23]. In these tests the effect of prior
exposure to irradiation at temperature below
400°C on subsequent grain growth of UO,
samples with densities from 94 to 96% of
theoretical density at 1800 °C during 24 hours
was studied. Grain growth was reduced in all
irradiated specimens, with nearly complete
inhibition occurring by 4-10" fissions/cm’.

In order to reveal competitive influence of

bubbles and pores on grain growth kinetics in

pre-irradiated UO, samples, calculations were

performed with two code versions, respectively

including:

e Grain growth model controlled only by
bubbles migration presented in Section 1 of
the current paper;

e QGrain growth controlled by migration of
both intergranular pores and bubbles (final
version).

The simulation results in comparison with
experimental data are presented in Table 1.

It is evident from the simulation results that
under irradiation exposure lower than
4-10"" fissions/cm’ grain growth is limited
mainly by intergranular pores, and for
exposures greater than 4-10" fissions/cm’
migration of intergranular bubbles becomes the
rate controlling mechanism.

The grain growth kinetics exponents
(presented in Tablel in parentheses),
evaluated from calculated curves using the
least-squares method, differ from exponent
n =~ 2.5 measured in [23], however, they are in
a reasonable agreement with the normal grain
growth exponents, 3 <n <4, measured in the
tests of Bourgeois et al. [16].

Table 1. Simulation of the MacEwan and Hayashi tests [23]

o ) Predicted grain size, um
Irradiation Final (estimated value of grain growth exponent)
exposure, graimn - -
fiss./cm> size, pm | Grain growth controlled | Grain growth controlled
by bubbles by bubbles and pores
0 16.0 38.5 (2.006) 16.75 (3.675)
3.8-10" 14.2 38.3(2.013) 16.75 (3.626)
3.6-10" 13.8 35 (2.225) 16.74 (3.671)
2.8-10" 10.8 21.9 16.3 (3.711)
4.4-10" - 9.8 10.2
4.4-10" 8.2 7.2 7.2
Conclusions

A new model for the grain growth in irradiated
and non-irradiated UO, pellets is developed.
As the first step of the new model
development, Nichols’ approach [4] to
consideration of the drag force exerted by
attached bubbles and pores on migrating grain
boundaries is combined with supplementary
consideration of grains coalescence within
Hillert’s mean field approach [5]. It is shown
that the boundary migration rate becomes
controlled by the movement of the second-
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phase particles with significantly smaller
sizes than predicted in the simplified
approach [4]. An additional consideration
recommended by Rest [3] of various types of
grain boundary pores and bubbles (i.e., grain
face, edge and corner) which exert different
drag forces owing to their different shapes
and sizes, was performed.

However, Nichols’ analysis [4] is based on
consideration of retarding effect of bubbles on
moving boundary using the standard (surface
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diffusion) mechanisms of bubble mobility de-
rived for intragranular bubbles. This mecha-
nism was re-considered in the present paper
taking into account a more complicated, len-
ticular, shape of the grain face bubbles. Fur-
thermore, migration mechanism of the grain
face bubbles might be essentially different
from the intragranular bubbles, owing to their
specific location on and interaction with a
grain boundary. The new mechanism of the
lenticular grain face bubble migration is asso-
ciated with vacancy fluxes over the grain
boundary surfaces to the bubble, which afford
coherent relocation of the grain boundary-
bubble complex. The calculated mobility of the
grain face bubble is characterised by a slower

dependence on its projected radius, oc p;3, in
comparison with the surface diffusion mecha-
nism, oc p;‘, which sustains its steady-state

lenticular shape in the course of bubble migra-
tion. For this reason, the new mechanism be-
comes the rate controlling step for bubbles mi-
gration in a wide range of their radii from
~1nm to ~ 1 um, and correspondingly, deter-
mines the drag force exerted by bubbles on the
grain boundary.

The new mechanism of the grain boundary
bubbles migration which controls the bubble
mobility and determines the drag force exerted
on the grain boundary, is further developed in
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application to the peripheral (edge and corner)
intergranular bubbles. As a result, the growth
kinetics of grains with different types of inter-
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contribution of the peripheral bubbles to the
retarding effect can be significant, especially
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consistent simulation of grain growth and fuel
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conditions owing to thermal evaporation of
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The original publications of parts of this article in the Journal of Nuclear Materials [7, 10] and Multi-
discipline Modeling in Materials and Structures [9] are greatly acknowledged.

Appendix A. Solution of the continuity equations

In this Appendix will be searched the solution of Eq. (2.4):

—Véul,ziugb(uz—ul)/Q¢vgb¢S=0, (A1)

with the boundary conditions, Eq. (2.5):

127



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA
Tpyowr HEPAD PAH. Buinyck 5

2y O, ,
= =| —— R > = O . A2
W, (r=p,) LRLZ pfjQ [ o ) (A.2)

Superposition of Egs. (A.1) and (A.2) yields

A(“l + uz) =0,
D,w 2u,, (A3)
]:T A(“l _“2)_ Qg (H] _“2)_2ng -2§5=0.
System of equations (A.3) can be written in the following form:
Alp, +up,)=0,
(P-1 Hz) (A4)
An-y'n-B=0,
2u_ kT
with a new variable B = 2kT (S +v b) , where 3° = —£—>0.
D,w ¢ QD,,w

After substitution N =y’n+ B one obtains the Laplace and Helmholtz type equations for variables
( u, + },L2) and N, respectively:

Alp,+u1,)=0,
(k1) (A.5)
AN —y¢*N =0,
which have general solutions:
w(r)+u,(r)=C,+C,Inr,
1 2 3 4 (A.6)

N(r)=Cl, (xr)+C.K, (xr),

where constants C| , 5, are found from the boundary conditions Eq. (A.2).

The solution is searched in the area 0 <7 < e. Since ln(r - 0) — —o0 and K (I" - O) — +00, this
results in C, =0 u C, = 0. After determination of the constants C| ; from the boundary conditions,

the final solution takes the form

-u,— S)Q
(“6'2“82)1“32 al 2I(vg,,+ ) L) F (v +S)—=. (A7
o (xs) 2u,,

Ui (r)=

Appendix B. Validity of the mean-field approximation

In calculation of the vacancy flux to the grain
face periphery, the distributed sink strength of
face bubbles, Eq. (2.3), was used in the mean
field approximation. The validity of such con-
sideration will be checked in this Appendix.
First of all one should check self-consistency
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of the sink strength calculations. For this pur-
pose, the sink strength into a face bubble lo-
cated in the center of the infinite grain face
with uniformly distributed face bubbles sur-
rounding this central bubble, should
be evaluated.
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The solution of the continuity equations for this system of bubbles with the pre-determined distributed
sink strength S:

D WV, kT u,, (i, —fi,) /QF v, FS=0 (B.1)

is similar to the general solution of Egs. (2.4) and (2.5), presented in Appendix A, but has different

boundary conditions:
~ 2y, alll 2
p= - _ Q, : =0. B.2
H,(r=p,) [RI,Z pr ( o ) (B.2)

Hence, the terms with /y(y¢r) in the general solution, Eq. (A.6), must be excluded, since they become
infinitely large as » — +oo. Therefore, the solution takes the form

iy () :(Y_erh_piji K,(r) | 2y, 2ysQ+vng+ 5-Q ivngiS.Q’ (B3)
Rl 2[<O (Xp b ) Rl R2 ugb ugb 2ugb 2ugb

where R, are the curvature radii of the two surface segments of the central bubble that obey the
geometrical relationship:

R, -sin®, =R, -sinb, =p, . (B.4)

From this solution one obtains the vacancy flux to the central bubble:

~ D wVph, ,(r D v S
J,(r=p,)="% ()] _ D AG+2g, - ——|, (B.5)
’ kT ‘ _ 2kT u, U,
r=py g &
where €, = 2y / R, — p, . From Eq. (1.14) the boundary mobility is equal
D, Q
gb
U, =——0, B.6
© 2kTw (B6)
and the additional relationship between the boundary velocity v, and AG+2¢,i1s
D, Q
v, =(AG+2e, ) 2. (B.7)

kTp,

Hence, from Eq. (B.6) one obtains ¥ = \/2ugka / D, wQ = w™'. On the other hand, the distributed
sink strength into face bubbles is determined by Eq. (2.2) as

_ J,(r=p,) 2mp,Q
R’ '

c

S

(B.8)

Substituting Eq. (B.5) in Eq. (B.7) and taking into account Eq. (B.8) one obtains the equation with

unknown value S:
D, np, Q2 v, u
o "0 ( s &b —vgb—S], (B.9)

S 2 2
kTnc uy, \ mp,b,

1
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which has the solution (using Eq. (B.6)):

2wnp,v B
§ =10 [Py _q |l 2V, | (B.10)
TR, 2w TR

c

that coincides with Eq. (2.3) in the limit w<<p,:
S~pv, /R . (B.11)

Therefore, self-consistency of the sink strength calculation is confirmed.

Secondly, the self-consistency of the chemical potential distribution calculations has to be checked.
On the one hand, it is straightforward to see that the chemical potential distribution around a face

bubble, Eq. (B.3), steeply varies in a narrow vicinity = X_l ~ w of each face bubble and is practically
constant in between the bubbles. This constant value is equal to

v, Q
M<1,z>:[%+%—2prQi ', 5Q (B.12)

face -
| 1 2u 2 2u o

with except of the region near the face bubbles.
On the other hand, solution of the equation for the vacancy diffusion to the edge of the grain
face, Eq. (2.7), has a similar form with the constant value outside a narrow zone (~ y~' ~w)
around peripheral toroid:
- Q
M :(Kele +K,,v —2pmr)Q+(vgb +S) . (B.13)

edge 214

gb

Comparison Egs. (B.12) and (B.13) with account of Eq. (2.15) and its analogue for face bubbles,

Eq. (1.9), gives M\"? =M e(égze) Hence, calculation of the chemical potential distribution is com-

pletely self-consistent, as schematically represented in Fig. B.1.

: )
: Mface = Medge

—

!

!

!

: A4 N
' N /

Face bubbles Toroid

r
<
7

Fig. B.1. Chemical potential distribution
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Fuel Oxidation in Steam/Hydrogen/Air Mixtures

V.D. Ozrin, M.S. Veshchunov

Introduction

The oxidation state is generally acknowledged
as one of the most important chemical proper-
ties of UO; nuclear fuel during both irradia-
tion and accident conditions because the
chemical potential of oxygen and the related
oxygen-to-metal molar ration of the fuel af-
fect significantly diffusion controlled proc-
esses such as grain growth [1], fission gas
release [1 — 4], thermal conductivity [5],
chemical states and thus the behaviour of the
fission product elements [6].

The MFPR module includes modelling of two
phenomena accompanying interaction of oxide
fuel with an oxidising gas environment and
affecting essentially the fission product
behaviour and release. Those are fuel oxidation
resulting in increase of urania stoichiometry
and changes in chemical states of fission
product elements, and fuel volatilisation. The
aim of modelling is to evaluate the average
fuel stoichiometry and the fuel mass losses as
functions of time at given initial and external
conditions which include the sample geometry,
gas composition and flow rate, temperature
and total pressure in the system.

The oxygen/uranium phase diagram [7] shows
that at temperatures above 1500K a single
phase of non-stoichiometric UO,., exists in a
wide range of stoichiometry with the lower
phase boundary defined approximately as [§]

_ 1.63-6270/T
X, =-2x10 .

Above 1950K the upper boundary for this
phase is x,, <1 because UO;(c) is generally
not formed at atmospheric pressure. At
temperatures 1500 K<7<1950K the highest
oxide is U;Og/UgO,; and the upper phase
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boundary for the UO,., single phase is
approximately described by [9]

x,, =—172/T +0.316.

The UO,., phase stability is governed by the
oxygen partial pressure in the gas environment.
For instance, in atmosphere of pure steam at
1 bar UO,,, is stable above 1320K. On the
other hand, the stability in air at 1 bar is
restricted by the temperature of about 1800 K.
In the models included in the current version of
MFPR code only the single phase (UO,.)
region of the phase diagram is considered.

Significant fuel vaporization in high oxidising
conditions of steam or steam/air mixtures ac-
companied by intensive fission product re-
leases has been observed in a number of ex-
periments [10—17]. Thermochemistry calcula-
tions show that urania vaporization in steam-
hydrogen mixtures should be dominated by
formation of gaseous uranium trioxide, UOs,
and oxyhydroxide, UO,(OH),.

The model implemented in MFPR for high
temperature fuel oxidation/reduction in
O,-Hy—H,O-Inert gas mixtures includes de-
scription of the processes of solid state diffu-
sion of oxygen within UO, matrix, kinetic ef-
fects of oxygen exchange at the gas/solid inter-
face, fuel vaporization and mass transfer in the
multicomponent gas phase [18]. In the real
geometry of the fuel pellet with diameter about
1 cm, the rate of the solid state oxygen
diffusion might be comparable with that at the
gas/solid interface and thus should be
considered self-consistently with the other
kinetic processes.
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1. Oxygen diffusion in solid urania

In the MFPR model, the solid state diffusion of
oxygen is described in a simplified manner in
terms of the surface and average stoichiometric
deviations, x; and X . The effect of oxygen
participation in solid state chemical reaction is
approximately taken into account through a
one step iteration scheme discussed below.

In accordance with typical experimental
conditions, symmetric annular flow geometry
is considered. A fuel specimen takes the shape
of a cylinder with the radius R and height 4. It
is assumed that only the lateral surface of the
cylinder is in contact with an oxidising gas
environment, and due to the axial symmetry
the surface stoichiometric deviation is a
function of time only. Under the condition of
slow vaporization kinetics (adiabatic approxi-
mation), integrating of the diffusion equation
for the oxygen concentration (or stoichiome-
try) yields

Lpa
2 dr

where X(7) is the average stoichiometric de-

:jO(sol)(xs) > (1)

viation, ., (X,) is the oxygen flux to solid

at the gas/solid interface which, in general,
depends on the composition of oxidising at-
mosphere in the vicinity of the surface.
Explicit form of this function is discussed
below in connection with the problem of mass
transfer in the gas phase. Slow decrease of the
sample radius caused by fuel vaporization is
governed by the uranium conservation,

dR

ENUOZ = ApUOZ E, (2)

where NU02 is the number of moles in the fuel

specimen, 4 is the surface area of the sample in
contact with the oxidising gas, pyy, is the mo-

lar density of UO..

The oxygen flux to solid is a slowly varying
function of x; for sufficiently small deviations
from the initial stoichiometry, x,. Therefore,
the initial stage of the diffusion process can be
described by the asymptotic solution of the
one-dimensional diffusion equation for a half-

space with the constant boundary flux,
which yields

T-xy=——(x,-%) . @

Here D is the solid state diffusion coefficient
of oxygen calculated using the Meachen
correlation [19] presented in Appendix.
Following [20], for the late stage of diffusion
when the oxygen flux to solid is small enough,
the difference between the average and boundary
stoichiometric ~ deviations 1is approximately
proportional to the flux and, in the considered
cylindrical geometry, takes the form

X=X, _%Rjo(sol)(xs)/D' @

It is further supposed that the relation between
X and x; can be approximately represented by
the asymptotic solution (3) within the initial
time intervals when x; < x;, and by Eq. (4) for
X > x;1. The joining point, x,;, is determined by

R
X, —X, =——
1 0
: 2D
Thus, since joeson(Xs) 1s @ monotonic function of

x5, Egs. (3) and (4) are used respectively
within the regions

jO(sol)(xsl) .

and

X.— X |<i‘j
s O—2D O(sol)

Xs _xo| > i‘jO(sol) . (5)
2D

Solving of Egs. (1), (3)—«(5) with Xx(0)=x,
provides approximate solution of the diffusion
boundary problem. Note that Egs. (3)+5)
describe both the fuel oxidation process when
Joson>0 and X <x;<xjm, and the reduction
when joso <0 and X >x,>xjm. Here xyip, s the
limiting (steady-state) stoichiometric deviation
that satisfies the equation

Josol) (%) =0 (6)

and depends only on the sample geometry,
initial gas composition and temperature.
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2. Kinetics of surface oxidation

In steady-state regime, the oxygen partial pres-
sure in the vicinity of the gas/solid interface,

Fy,, determines the equilibrium surface

stoichiometry, x.q, through the equation
P(;z = POZ ('xeq) 4 (7)

where K(x) is the equilibrium oxygen pres-

sure over uranium oxide with the stoichiometry x.
This function is represented by the correlation
proposed by Lindemer and Besmann [21] dis-
cussed in Appendix.

Kinetics of the exchange of oxygen at the
solid/gas interface can be characterised by the
specific rate constant a included into a general
equation of the form

jO(sol) = G’F(xs’xeq) > (8)

where the function F(x; x.,) depends on devia-
tion of the actual stoichiometry from the equilib-
rium one (F=0 for x,=x.,,) and is determined by
the surface exchange mechanism.

The current version of the MFPR code
includes semi-phenomenological model that is
based on the results by Gala and Grabke
applied to the case of steam-hydrogen
atmospheres by Abrefah etal. [16]. More
detailed description of the model with a

Langmuir-type generalization on wide range of
gas compositions (from air to pure hydrogen)
is presented in Ref. [18, 20]. In this model the
driving force is given by

Fen) =g (1B /B ] ©

The rate constant in Eq. (8) is represented in
the Arrhenius form

o= K()x/pUOz 2
K, =exp(—E/T+E,) (mol/em’s). (10)

Constants £ and E; are presented in Table 1,
where the fourth and fifth columns include the
modified values found by the self-consistent
treatment of the test data [17] using the gas
transfer model of fuel oxidation implemented
in the MFPR code [18, 20].

In contrast to the case of steam, the kinetics of
high-temperature fuel behaviour in a gas
environment as air or hydrogen-inert gas
mixture is not well studied. For description of
such situations, the model of instantaneous
surface relaxation with oo — oo is used in which
the surface stoichiometry coincides with the
equilibrium one, x; = Xq.

3. Thermodynamics of UO, vaporization in oxidising conditions

Under the condition of equilibrium between the non-stoichiometric urania and the gas phase with
given partial pressures of oxygen, the deviation from stoichiometry is a function of the oxygen pres-
sure found from Eq. (7). Since UQO; gas is formed in the reaction

UOs(g) = UO,:(c) + 0.5 (1 —x) Ox(g),

the equilibrium variations of the Gibbs free energy in this reaction satisfy the equation

A,Gy

05(g)

+RTIN P =AGy, +0.5(1-x)AG, .

where P! denotes the equilibrium partial pressure, A fG,.O is the Gibbs energy of formation of a mole

of pure gaseous species 'i' in the standard state. Variations in the oxygen and urania Gibbs energies

are defined as

AG,, =RTIn P, (x,T),

AGUOZH = AfGI(.)JOZ +%RTJ.IHP_OZ(X’9T) dX'5
0
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where A fG[OJOZ is the Gibbs free energy of the formation of a mole of pure UO,(c). Superposition of

these equations yields
Pti(q)3 = Qyo, (x) CUO3\/POZ (11)

where x depends on the oxygen pressure P02 as determined by Eq. (7), CUO3 is the equilibrium con-

stant defined below, the function a, (x) interpreted as the activity of UO, in the solid solution

“UO, — O(sol)” [21, 22] can be represented in an explicit form by use of Lindemer—Besmann correla-
tion (see Eq. (A.9) in the Appendix).

Reactions of formation of gaseous uranium oxyhydroxide, UO,(OH),, and steam dissociation can
be written as

UO,(OH),(g) = UOs(g) + HyO(g),
H,0O(g) = Ha(g) + (1/2) Ox(g).

For the equilibrium partial pressures, the mass action law yields

P

— ped
UH,0, — Puo3 PH20 CUH2O4 /CUO3 >

PHZO :CHZOPHZ\/PO2 . (12)

The equilibrium constants, Cyy o » Cyo, and Cy o, are given by

RTInCyp, =Gy
RTInCyy o =Gio, ., +0.5G;

0,(g)

RTInCy o, =Gy

+0.5G?

1 0
+7G0

0
0,(g) GUOz(g) >

_ GO

UH,0,(g)

+G°

H,0(g)

0
2@~ Otoe) (13)

with Gibbs free energies of pure species, G(T), taken from IVTAN Thermo database [24].

4. Mass transfer in gas phase

In the problem of fuel oxidation, the gas envi-
ronment consists, in general, of O,—H,-H,O-N,
mixture and includes the low-concentration
components of uranium-bearing vapours, UO3
and UH,(OH),, formed at the gas/solid inter-
face due to the reactions of fuel vaporization.

Under typical experimental conditions [10,
15— 17] (annular geometry of the flow chan-
nel and flow rate ~10cm/s, total pressure
~ 1 bar, Reynolds number ~1—10) the laminar
regime of the gas flow in the channel occurs.
In this case, the problem of the gas mass
transfer can be reduced to the problem of
quasi-stationary multi-component diffusion at
constant total pressure through the boundary
gas layer at the gas/solid interface [23]. The
stationary conditions follows from that the

characteristic time of fuel oxidation deter-
mined by the solid state diffusion or surface
exchange of oxygen exceeds significantly the
characteristic time of diffusion relaxation in
the gas phase. Since the diffusion time, in its
turn, exceeds the characteristic time of the gas
phase reactions, it is also assumed that the gas
mixture is in the local chemical equilibrium state.

The consideration is restricted by the cases
when the gas composition is dominated by an
arbitrary pair of the four main constituents of
the gas phase, those are H,O, H,, O,, N,. The
molar densities of the other gas components
including  uranium-bearing vapours are
assumed to be much smaller than that of the
dominating pair.
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A. Diffusion fluxes

The quasi-stationary flux densities, J; (i = H,O, H,, O,, N,, UOs;, UH,0,), at the gas/solid interface are

represented in the form

6
J| :Kl(XzApl_XlAPz)_XlzK;APfi'K

6
J, :Kl(XlApz _XzAE)_XzzKiAE"'K

for the dominating pair of the gases, and

J,=K,AP+K

S
A
B

B (14)

cnv
i=3

cnv
i=3

s i=3,...,6 (15)

for the other low-concentration components. Here AP, = P’ — P’ and

RS

1

where P; is the partial pressure of the gas i’,
the superscripts s and b designate values in the
vicinity of the solid surface and in the bulk of

2

_S S
R+F

__ b
1)1S+[)25

the gas phase (or at the outer boundary of the
diffusion boundary layer), respectively. The
partial pressures satisfy the conditions

Z RS :])tot’ Z Bb :])tot’ (16)

where Py is the total pressure assumed to be constant.

In Egs. (14)—(15), the mass transport coeffici-
ents, K;, are given by
D.
K = Lo Zigy,
RT d,

where p, = 1.01325:10° kg/(m-sz-bar), R is the
universal gas constant, dj, is the hydraulic di-
ameter of the flow channel, Sh is the Sherwood
number. The diffusion coefficient D, (=D,) is
very close to the binary diffusivities in the
‘1-2” mixtures, whereas the diffusion coeffi-
cients of low-concentration components, D;,
i=3,...,6, are defined as binary diffusion coef-
ficients in mixtures of the type ‘(1-2)—i’. In
general, the Sherwood number, Sh, depends on

B. Balance (conservation) equations

the channel geometry. In the current version of
the MFPR model, the Sherwood number is
introduced as a user defined parameter.

The last terms in the right hand side of Egs.
(14)—(15) describes the convective (Stefan)
flux with the rate constant given by

Kcnv = pOV/RT >

where the convection velocity v is defined as the
net velocity of the gas mixture appearing due to
the condition of constant total pressure. Note
that the expressions for K., and K; are obtained
with use of the ideal gas equation of state.

Under the stationary conditions, the local conservation laws at the gas/solid interface for oxygen, hy-

drogen and nitrogen take the form

JHZO +2J02 +Ju03 +2JUH204 +J0(501) =0, 17
JHZO+JHZ+JUHZO4:0’ (18)
Jy, =0, (19)
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where the fluxes are determined by Eqs. (14)—
(15), and Jo(sol) is the oxygen flux to solid in
mol/cm?/s related to that introduced in Eq.(1)

by Jjo(sol) =J,(sol)/py,, - Note that Eq. (17)

is related to the uranium balance represented
below by Eq. (25).

C. Local chemical equilibrium and conditions in the bulk of the gas phase

It is assumed that the kinetics of formation of
the uranium-bearing gases at the gas/solid in-
terface is a relatively rapid process in the time
scales of both the oxygen solid state diffusion

and gas diffusion. This assumption along with
the condition of the local chemical equilibrium
allows using of equations of chemical equilib-
rium (11) and (12), which yield

Pljo3 = Qyo, (%) CU03 \ POS2 > (20)
PSH204 = P1§03 PI—;{ZO CUH204 /CUO3 ) (21)
B0 =CuoPu, P, - (22)

where k=s, b, the equilibrium constants are
given by Egs. (13), x4 is defined by Eq. (7) as
a function of the oxygen surface pressure. The
elemental composition of the gas phase outside

b b b
PHZO + PHz +P

the diffusion layer is determined, as assumed,
by the composition of the input gas flow only.
Therefore, using the ideal gas law and
elemental conservation we find that

b b b
PHZO + 212)2 + P

b
K,

P} +2F) +P)

Here f; with i=H,0, H,, O,, N, is the mole
fraction of the i-th gas phase constituent in the
initial composition (before mixing). The right-
hand sides of Egs.(23) and (24) represent

_ szo +fH2 ’ 23)
szo +2f02

__ : (24)
szo +2fo2

respectively the hydrogen-to-oxygen and
nitrogen-to-oxygen molar ratios characterising
the initial gas composition.

D. Gas mass transfer and effects of saturation

Bulk pressures of the uranium-bearing gases
depend strongly on the gas flow rate and ge-
ometry of the flow channel. For instance, the
condition of negligibly small bulk pressures,
P’=0, seem to be appropriate in the case of
high flow rates and relatively thin boundary
layers occurring in Abrefah et al. experiments
[16]. On the contrary, estimations for the condi-

d
_ENUOZ

On the other hand, in the case of steady-state
laminar flow, the rate of mass losses is propor-
tional to the gas flow rate and the uranium frac-

d
_BENU()2 = 4K, (

Pb

tions of Cox et al. experiments [10, 17] on fuel
oxidation in air show that the bulk and near-
surface equilibrium pressures can be close
to each other.

Both situations can be approximately described
in the following way. The rate of mass losses

caused by fuel wvaporization Kkinetics
is given by
= A (Jyo, +uno, ) (25)

tion in the outlet gas which is considered as a
small impurity. Hence,

+P°

UH,0, ) >

(26)

U0,
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where

Kﬂ = Ngas/(PtotA) b

N is the inlet gas flow rate (in mol/s) in the

gas

channel. Combining Egs. (15), (25), (26) and
the conditions of equilibrium given by Egs.

P(}jo3 =Y

where the saturation factor is defined by

PS

KUO3 +K,, + (KUHZ()4 + K )ijzoc

(21) and (22) one can obtain the following
relation between the UO; bulk and surface
pressures,

(27)

uo, »

(28)

=B

with C=Cyy o, / Cuo, - In the current version of

MFPR, the parameter P determined by the
boundary conditions for the gas mass transfer

5. Model formulation

Thus, the model is based on the following

equations:

1. Equations (1), (3—6) for the average and
surface stoichiometric deviations, Xx(¢)

and x,(t), describing the solid state oxy-
gen diffusion caused by the boundary
oxygen flux jogso

2. Equations (8) and (9) which describe the
surface kinetics and represent the boundary
oxygen flux in terms of the surface
stoichiometry, x;, and the partial pressures
of steam and oxygen in the vicinity of the
gas/solid interface.

3. Equations (18)—(24) and (27)—(28) which
describe mass transfer in the gas phase
under condition of the local chemical
equilibrium, formation of UO; and
UO,(OH), vapour and the effects of
saturation. Solution of these equations
allows representing the bulk and surface
partial pressures of all gases and the

Ky (14 B oC)+B(K o, + Kinro, ProC)

problem is introduced as the user-defined
parameter ranged from O to 1.

boundary oxygen flux in terms of the
oxygen surface pressure and the initial gas
composition.

For each time step, the initial conditions for the
average stoichiometry X(t) are determined by

the fission product chemistry model which
takes into account changes in the fuel oxygen
potential related to oxygen bonding in UO,
solid solution and formation of solid precipi-
tates within fuel. This provides approximate
self-consistency in  description of FP
chemistry—release—oxidation processes.
Equating of the expressions for the oxygen
flux found from the gas mass transfer problem
and the surface kinetics yields joson as a
function of x, that provides the boundary
condition for the oxygen diffusion problem.
Equations (2) and (25) describe the vaporiza-
tion kinetics, fuel mass losses and changes in
the fuel specimen sizes.

Table 1. Data for oxidation rate constants

Surface model Simplified model Gas transfer model
E E E,
Gala —Grabke | 21200 —2.52 22974 —1.1527
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Conclusions

A general model for oxidation of UO, fuel in
steam/hydrogen/air gas mixtures is presented.
The model includes self-consistent description
of solid state oxygen diffusion, adsorption
processes of oxygen exchange at the gas/solid

the form of UO; and UO,(OH), gases, gas
mass transfer in the boundary layer of multi-
component gas mixture and the fuel mass
losses. Effects of the fission product chemistry
within the fuel on formation of the oxygen

interface accompanied by UO, evaporation in potential are also taken into consideration.

Appendix

The Lindemer—Besmann correlation [21] for the equilibrium pressure of oxygen over UO,,, is based
on a model of solid solution of different uranium oxides such as UO,, U;Oy, U403, U305, and so on.
It is assumed that in the case of high hyperstoichiometry, non-stoichiometric urania can be represented
in the form of [UO,]-[U30,] solid solution with the oxygen potential given by

x(1-2x)?

InP(x,T)=E +2In
1(x,T) 1 {(1_3)03

j, E =-37621/T +15.5. (A1)

For low hyperstoichiometry in UQO,.,, the best approximation corresponds to [UO,]-[U4Os] solid
solution that gives

2x(1-2x)

InP(x,7)=FE,+4In
2 (x,T) 2 [(1—4x)2

J, E, =—-43298/T +15.74. (A.2)

Thus, the oxygen potential in a hyperstoichiometric urania is defined as

P (x) for x <x<x,

P, (x) ={ (A3)

P, (x) for X, <X,
where x, is a root of equation P;(x) = P,(x) which can be well approximated by
X, = exp(E~z—6.66838), z=1000/T,
E =2.69835+0.195772z—0.2047922>. (A4)

Lindemer and Besmann found that hypostoichiometric fuel can be well represented by solid solution
of [U,5]-[UO,] with the oxygen potential given by

lnP_oz(x)=E3—3ln( Lo j E, =-156355/T +27.15, (A.5)

(1-x)"*(1+0.5x)"
where x < —x;. In the narrow interval near x = 0,
x|<x, x =exp(1+2(E—E,)), (A.6)
the oxygen potential is represented by
InP, (x)=E, +ax/x,, E,=L1(3E,+4E,), (A7)
where oo =4 for x > 0 and o =3 for x < 0.

The function ay, (x) included in Eq. (2.4.11) for equilibrium UO; pressure is defined by

i~ , dInP, (x(c),T)
Inay, (x)=-7 J-x(c)dx 45(0) .

0
Using Egs. (A.1)—(A.3) the UO, activity can be represented in the explicit form

(A.8)
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1—4x
1-2x

o, TV 1-4x, 1-3x
1-3x, 1-2x

where x(7) is defined in (A.4).

for  x<x,,
(A.9)
for X, <X,

Density of the oxygen diffusion flux in solid urania caused by concentration gradients is described in

terms of the chemical diffusion coefficient defined by

2+ x dAG, (x,T)
2RT dx '

D=D (A.10)

where D" is usually referred to as the oxygen
self-diffusion coefficient, AG, (x,T) is the

chemical potential of oxygen. There is a num-
ber of experimental evidences that D shows a
little change with changing stoichiometric de-
viation. Meachen [19] presented the following
expression for the oxygen chemical diffusion
coefficient

D =2.5exp(~16400/T) (cm?/s), (A.11)

obtained by averaging over the stoichiomet-

Unfortunately, the available data for the oxygen
chemical diffusivity are sufficiently scattered
(and sparse). For instance, measurements
performed by Bittel et al. [7] for oxidation in
steam at temperatures ranging from 1200 to
2100 K yielded the chemical diffusion
coefficient

D =99.0exp(—28640/T) (cm’s),

which is lower than that of Eq. (A.11) by
approximately an order of magnitude for
1800<7T<2100K. According to data presented
in review by Matzke [25], D is ranged from
10* to 8:10™ cm’/sec at 2270K. In the MFPR
module the Meachen correlation given by

ric

Eq. (A.1) is used.

range 10° <x<10"' and valid for

700 < T'< 1800 K.
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Validation of the MFPR Code against Integral Tests

V.D. Ozrin

Introduction

Validation of the MFPR code models against
various analytical tests was presented in vari-
ous papers of this issue. This paper is devoted
to analysis of the results obtained with the
MFPR code in simulations of integral
experiments with irradiated fuel.

Several series of integral tests on fission
product (FP) releases have been performed in
CRL, ORNL and CEA-CENG to create a
realistic data bank for computing the behaviour
of FP and to validate and improve the models
(codes) describing the risk of FP transfer into
environment during a severe accident. The
measurements performed during the tests were
aimed to characterise the release kinetics and
total release of fission products, actinides and
structural materials as a function of fuel burn-

up, temperature and oxidising/reducing condi-
tions of the gas environment.

For the MFPR validation the following tests
were chosen: UCE9-1 and MCE1-5 experi-
ments from CRL series; VERCORS 1, 2, 4 and
5 tests (CEA-CENG) using respectively oxi-
dising and oxidising/reducing gas mixtures,
two groups of high-temperature tests from HI-
VI series (ORNL), VI-1, VI-2, VI-3 and VI-4,
VI-5, performed respectively in steam and hy-
drogen atmospheres; one of the Dimitrovgrad
series of tests on the WWER-1000 fuel with
burn-up of 15.8 MWd/kg using inert gas flow
with step-by-step temperature increase. The
validation test grid and brief summary of
experimental conditions are shown in Table 1.

Table 1. Summary of experimental conditions for integral tests

Test Test
conditions UCE |MCE VERCORS VI Dimitrov-
grad
9-1 | 15 | 1 2 4 5 1 2 3 4 5
Fuel UO, [ UO, |UO, Zr|UO, Zr|UO, Zr|UO, Zr|UO, Zr|UO, Zr| UO, Zr | UO, Zr | UO, Zr| UO, Zr
UO, weight, g 2.4 03 | 23.1 [ 23.1 | 23.1 | 23.1 109 82 81.1 78.2 80.8 ~5
Burn-up, % 2.4 1.2 4.7 4.2 4.1 4.1 4.4 4.8 4.6 5.2 4.6 1.7
Grain diameter, pm <122 7 8 15 15 15 9.2 12 12 12 12 ~5
Temperature ramp, K/s | 0.4 0.2 1 ~1 ~1 ~1 1-0.6 | 0.8 [0.3-0.3{0.7-1.1{1.1-1.2| 13-20
Temperature at plateau, | 1963 | 2073 | 2130 | 1050, | 773, | 673, | 1410, | 1273, | 2000, | 1660, | 1620, 1573,
K 1250, | 1523, [ 1075, | 2020, | 2300 [ 2700 | 2440 [ 2015, 1773,
1500, | 2573 [ 1273, | 2300 2720 1973,
1750, 1573, 2123,
2150 2573 2273
Time at plateau, min 200 30 17 ]25,10,]25, 67, 75,35, |20, 20,| 5, 60 | 20,20 | 23,20 |20,20,| 15,15,
30,25, 30 (25,80, 20 20 |15,15,15
13 30
Gas composition at H,0, | H,, | H,O, | H,0O, | H,0, | H,O | H,0, | H,0, | H,0, H,, H,, Ar
annealing Ar Ar H, H, H, He He He He He
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The integral tests are characterised by some
specific features of experimental conditions that
are of significant importance for modelling.

o In all tests the fragments of spent fuel were
used with burn-up from 1 to 5-6 percent.

o Fuel samples were heated up to high tem-
perature ranged from 1900 to 2700 K and
held at a constant temperature during
a period from about 0.5 to 3 hours. In the
majority of the experiments the early heat-
ing-up stage was performed in inert gas en-
vironment, while during the late stage of
heating and annealing the inert gas was
switched to oxidising/reducing gas mixtures
of varied compositions consisting of steam
and hydrogen.

¢ In the majority of experiments, the fuel
specimens included fragments of original
Zircaloy cladding. Due to extensive
steam/zirconium interaction, in such oxidis-
ing experiments as first three VERCORS
and VI tests, the compositions of the gas en-
vironments in contact with the UO, surface
differed significantly from that in the input
gas flow during the first stage of annealing
up to completion of cladding oxidation.

Thus, simulation of integral tests should be
separated into two parts: modelling of the pre-
test period and modelling of the experiment
itself. The following peculiarities of the model-
ling related to the uncertainties in the input
data should be pointed out.

In the conditions of normal PWR operating,
the state of fuel rods is characterised by great
radial temperature gradients with difference
about 500-600 K along the pellet radius and by
significant spatial inhomogeneity of radiation
fields. Since the MFPR model does not include
description of such situations, the pre-test peri-
ods for all experiments considered are mod-
elled identically using the following typical

average conditions [1]:

o fuel temperature is set a constant of 1100 K,

o fission rate is set a constant of
10" fission/m’-s,

e duration of the irradiation period is calcu-
lated using the above fission rate and the
standard burn-up units in which 1% burn-
up corresponds to 9.6 MWd/kg or 2.49-10*°
fission/m’ [1].

The approach to modelling of the pre-test peri-

ods for each integral experiment can be illus-

trated by consideration of VERCORS-1 as an
example. Since the fuel used in this experiment

was characterised by burn-up of 42.9 MWd/kg,

calculation of the irradiation time yields

fwa=11.117-10"s . Thus, the temperature pre-
test scenario is assumed to be as follows:

e normal operating at 7= 1100K in irradia-
tion field characterised by the fission rate of
10" fiss/(m’-s) during the period from
t=-11.127-10"s to t=-10’s,

¢ cooling (without irradiation) from
T=1100K to 7=300K during the inter-
val from #=-10°s to #=—9.6-10%s,

e steady-state (without irradiation) at
T=300K from 7=-9.6-10*s to
t=-1.810"s,

e temperature increase from 300 K to the ini-
tial test temperature of 2130 K during the
period from 7= —1.8-10>s to 1= 0.

Note that duration of the low temperature
steady-state period does not affect the results
of calculations because the FP release rates at
300K are negligibly small. The duration of the
final pre-test stage depends on the initial test
temperature and the heating rate.

In the experiments with the fuel/cladding sam-
ples in oxidising environment provided by
steam/hydrogen gas mixtures, the conditions of
UO, oxidation are determined by the oxygen
partial pressure which, in turn, is defined by
interaction of the input gas (with the composi-
tion presented in the literature) with the Zr
cladding. Although the value of the real (but
not input) oxygen partial pressure is of signifi-
cant importance for the description of the be-
haviour and release of FP elements, the results
of direct measurements of the gas composition
in contact with the fuel surface are unknown
(unpublished, or not available). There exist an
approach [2 — 4] to restore the near-surface
oxidation conditions basing on the average gas
composition in the reaction crucible (tube) that
can be calculated with the published data for
hydrogen generation during steam-zirconium
interaction measured during, for instance,
VERCORS-2, VERCORS-4, VI-1, VI-2, VI-3.
However, in complicated geometry of the ex-
periments, this gas composition can hardly
characterise the conditions within the gap and
in the vicinity of the fuel surface. A more real-
istic assumption is that during the stage of
cladding oxidation the atmosphere within the
gap varied from slightly oxidising or inert to
slightly reducing. This approach described in
details in the following sections is used, in the
present report, for estimation of the fuel oxida-
tion conditions for all VI and VERCOR.
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1. Initial grain boundary inventory and releases of FP elements

Grain boundary inventory at the end of the irra-
diation stage and before the beginning of the
temperature ramp calculated with the MFPR
code for VERCORS-4 conditions and typical for
all integral tests is shown in Table 2. According
to MFPR predictions at the beginning of the test

the most parts of non-soluble, chemically active
FP elements, that is Cs, I, Mo, Ru, Ba, Sr are in
the solid precipitates at the grain boundary
whereas well soluble elements as Zr and lantha-
nides are located in the solid solution phase.

Table 2. Initial phase distribution of FP elements for VERCORS-4 and VI-3 tests

Element Grain Grain Boundary: solid precipitates, gas in face Release
and edge bubbles
Metal Grey Csl Gas

Xe 0.88 0.00 0.00 0.00 0.11 0.01
Cs 0.003 0.00 0.95 0.04 6.E-5 1.E-05

1 0.27 0.00 0.00 0.73 1.9E-4 0.4E-4
Mo 0.17 0.83 6.E-4 0.00 0.00 0.00
Ru 0.09 0.91 0.00 0.00 0.00 0.00
Ba 0.09 0.00 0.91 0.00 0.00 0.00
Zr 1.00 0.00 0.00 0.00 0.00 0.00
Te 0.96 0.00 0.00 0.00 0.01 0.03

Table 3 represents the results for releases of FP
elements during the stage of normal reactor
operation calculated with MFPR for two
groups of experiments: VI-VERCORS tests
with high burn-up fuel (=4 %), and CRL tests
with relatively low burn-up fuel, 1-2.4 %. Data
presented in the table demonstrate that for the
first test group, total Xe release during the ir-
radiation phase (about 3 year) is predicted on
the level of 1-6% that is in agreement with
experimental data of ~2-5% [5]. Comparison
with the standard experimental (estimated)
data taken from [5] shows that MFPR underes-
timates releases of all chemically active FP
elements by more than order of magnitude. In
contrast, release of tellurium considered, in

MFPR model, as inert element is significantly
higher than expected.

In contrast to input data for VI-VERCORS tests
and to other experimental data, MFPR predicts no
FP releases during the irradiation phase for low
burnup fuel used in CRL (and Dimitrovgrad) tests.
Note, that in the MFPR code the main part of FP
releases is described by the percolation model of
intergranular transport. More detailed considera-
tion shows that, for the parameters of typical irra-
diation regime used (that is fission rate of
~10" fissions/m’s and T~ 1100K), this model
predicts the beginning of releases after relatively
high FP accumulations corresponding to burn-up
of approximately 2-3 % (depending on the grain
diameter).

Table 3. Comparison of measured and calculated initial fractional releases

Element Experiment MFPR
VI-3 VI-4 VR-4 UCE9-1 MCE1-5
Xe 2.0E-02 3.94E-02 5.63E-02 9.06E-03 0.00 0.00
Cs 1.0E-03 5.46E-05 8.26E-05 1.26E-05 0.00 0.00
I 5.0E-03 1.87E-04 2.72E-04 4.28E-05 0.00 0.00
Ba 1.0E-04 5.44E-16 8.32E-16 1.25E-16 0.00 0.00
Te 1.0E-04 1.19E-01 1.60E-01 3.25E-02 0.00 0.00
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2. Modelling of VI tests

2.1. Experiment description and results

A series of annealing tests were conducted in
vertical induction (VI) facility at ORNL [5]
with the high-burnup LWR fuel. Fission gas
release from the fuel during the normal reactor
operation was estimated to be lower than 5 %.
In these tests the fuel specimens consisted of
15-cm sections cut from full-length rods. Zir-
caloy end caps were fabricated and press-fit
onto the fuel specimens to prevent any loss of
fuel during handling. A small 1.6-mm hole was
drilled in the cladding at the midlength of the
section to permit gas release during heating.

The temperature history of the tests was the

following:

e VI-1—300K; 1K/s; 2020K, 20 min;
0.6 K/s; 2300K, 20 min; 0.8 K/s; 300 K;

e VI-2—500K; 0.8K/s; 2300K, 60 min;
0.5K/s; 300K;

e VI-3—300K; 0.3K/s; 2000K, 30 min;
0.3K/s; 2700K, 30 min; 0.5 K/s; 300K;

o VI-4—500K;0.7K/s; 1660 K, 23 min;
1.1K/s; 2440K, 20 min; 0.6 K/s; 300K

e VI-5—500K; 0.25K/s; 2000K, 20 min;
1.2K/s; 2720K, 20 min; 1.1 K/s; 300 K.

First three VI tests were performed in oxidis-
ing conditions of H,O/He mixtures, while tests
VI-4 and VI-5 used reducing atmosphere of

2.2. Comparison to experimental data

Modelling of oxidising/reducing conditions

Since the first three VI experiments used the
fuel specimens including original Zr cladding,
the gas composition in the reaction tube dif-
fered significantly from the input composi-
tion. Due to generation of hydrogen in the
steam-zirconium reaction, the real partial
pressure of oxygen was essentially lower than
that could be in the case of the input steam
dissociation. In Refs. [2, 3, 6, 4], the condi-
tions of fuel oxidation in the presence of zir-
conium cladding were accepted to be the
same as on average in the reaction tube and
calculated using the experimental data for the
rates of hydrogen production during the test.
However, if complicated geometry of the ex-
periments (intact cladding around UQO,, a
small hole for gap/environment gas transfer)
is taken into account, this gas composition

hydrogen. The gas environments during an-
nealing (the middle and high temperature pla-
teaux) were characterised by the following pa-
rameters:
e VI-1 —H,0/He ~ 3.8, flow

rate = 1.94 L/min;
e VI-2—H,0/He ~ 5.1, flow

rate = 1.84 L/min;
e VI-3— H,0/He =4, flow

rate = 1.84 L/min;
e VI-4—H,/He =1, flow rate = 0.81 L/min;
e VI-5—H,/He =1, flow rate = 0.80 L/min.

As an example, scenario and main results of VI-
3 test are shown in Figs. 1-4.

As noted in [2, 6], in the ‘steam’ tests VI-1, VI-
2, and VI-3, the fuel specimens had remained
intact during entire experiments. However, fuel
collapse was observed in the hydrogen tests
above the melting temperature of the Zircaloy
cladding: approximately at 7~2150K in VI-4
test and between 2400 and 2700K in VI-5. A
summary of experimental conditions is given in
Table 1. The results of the HI-VI test measure-
ments of total released fraction of volatile and
low volatile FP elements are presented in Ref.
[5]. The measured release kinetics of volatile
caesium for VI-3 test is shown in Fig. 3 [2, 3].

can hardly characterise the conditions within
the gap and in the vicinity of the fuel surface.
It seems to be more realistic to assume that
during the stage of cladding oxidation the at-
mosphere within the gap was from slightly
oxidising or inert to slightly reducing. Basing
on this assumption the scenarios for all oxidis-
ing VI tests (VI-1,2,3) is formulated as follows:
extremely low (with some ambiguity) steam
oxidation during the period of cladding oxida-
tion, then — oxidation conditions as given by
the input gas composition. The cladding oxida-
tion time is estimated using experimental data
on hydrogen generation [2, 3].

Typical sequence of oxidation events
along with the fuel stoichiometry calcu-
lated by MFPR oxidation models for VI-3
test is shown in Fig. 1.
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Fig. 1. VI-3 test. Modelling of oxidising conditions and predicted fuel stoichiometry
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Fig. 2. VI-3 test. Comparison of calculated and measured release kinetics of Xe
Abbreviations: “v0-d0-g0” — vacancy, dislocation and grain growth models switched off,
“vI-d0—g0” — vacancy model activated, dislocation and grain growth models switched off,

“vi-dl-gl” — all three groups of the models are activated

146



Validation of the MFPR Code against Integral Tests

V.D. Ozrin
! MFPR _._0\0 v ¢ 2600
| = |
1 . VI - 3 test {_0 S
—— - —— Temperature ! \
" -—- / ! \ 2400
(@)
Y
o
?
8 2000
° X
- M
e 1600
.0
©
o
L
1200
800
2000 4000 6000 8000 10000 12000
Time, s
Fig. 3. VI-3 test. Comparison of calculated and measured release kinetics of Cs
1 3000
- . ~
4
J ] hd - —
O~ ! ‘I / A
~ i 5
08 | -~ - \ .I /“/ \
S / ' .
eo ] 1 . || \
= S ’ 1 — 2000
S 06 /‘ ! i
s u '
5 | it i |, i \'d
(= / [ ~
-9 0 4 ] / II
o / : 1
© "y — 1000
L 1 ]
] 1 VI-3. Phase distribution of Mo
02 4 N ——— = —— Solid solution
Il \ = == == == |etal phase
T \:' \ - Temperature
] pmm=N O | mmmmmma- Grey phase
et ‘\; e N — R elease
0 1 1 —r——r=r—T— 71 — 1 0
0 2000 4000 6000 8000 10000 12000 14000
Time, s

Fig. 4. VI-3 test. Phase distribution of Mo

Release kinetics and total releases

Release kinetics of Xenon calculated for VI-3
test with the different combinations of models
is compared with that measured in the test in
Fig. 2, where the following abbreviations are
used: “v0-d0—g0” — vacancy, dislocation and
grain growth models switched off, “v1-d0-g0”

— vacancy model activated while dislocation
and grain growth models switched off, and
“v1-d1-g1” — all three groups of the models
are activated. It is evidently seen that inclusion
of the vacancy/thermal-resolution mechanism
(discussed in detail in paper of this Collection
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on p. 87) increasing the effective mobility in-
tragranular bubbles solves, in part, the problem
of Xe release connected strong diffusion sink-
ing of gas atoms into the bubbles. The best fit
to experimental data is provided by simultane-
ous activation of the complete defect model
along with the grain growth mechanism im-
plemented in the code.

Typical release kinetics of caesium calculated
with MFPR chemistry model for VI-3 test is
compared with that measured experimentally
in Fig. 3 The data are in reasonable qualitative
and quantitative agreement with the test meas-
urements. In the MFPR description of tests VI-
1 through VI-5 there are common features:
relatively high starting release rate at tempera-

ture of about 1700 K, and quasi-plateau in Cs
release during the middle temperature plateau
(if exists) at 7~ 1800-2000 K up to the begin-
ning of the temperature rise and intensive fuel
oxidation/reduction.

The main mechanism of the quasi-plateau for-
mation and the caesium release kinetics, as
predicted by the chemistry model, can be un-
derstood by analysis of the phase distribution
of FP elements. Due to low solid solubilities of
barium and strontium, the most part of Ba and
about a half of Sr are in the grey phase during
the entire test. These phase distributions are
determined mainly by two reactions,

BaUOy(c) = BaO(c) + UO,(c) + 0.5 O,,

SrUO4(c) = SrO(c) + UOy(c) + 0.5 O, (D)
which are significantly ‘shifted’ to the left. As a consequence, and the fuel stoichiometric deviation is on
the level of ~ 10°—10™, and in the high temperature conditions of VI tests the Cs release is dominated by
the reaction of decomposition of caesium molybdate with transfer of molybdenum to the metal phase,

Cs:MoOy(c) = Cs(g) + Mo(c) +2 O, 2)

along with redistribution between barium and strontium molybdates in the grey phase. This channel is
more effective in the conditions of lower oxygen potential. At temperatures higher than 2200-2300 K

the Cs release is dominated by the reaction of direct vaporization of caesium molybdate,

Cs;Mo004(c) > Cs MoOy4 (g) , 3)

that provides another essential channel for Cs
(and Mo) release. For this stage of test, MFPR
predicts very high release rates of Cs exceed-
ing noticeably the experimental values.

Table 4 represents the results of measure-
ments [5, 6] and MFPR predictions for total
FP releases during VI-3 and VI-4 tests (the
values in brackets are taken from Ref. [2]).
Comparison of the results shows that the cal-
culated releases of Cs and Mo are in reason-
able agreement with experimental data with
a tendency to overestimate releases of iodine
and to underestimate the molybdenum re-
leases, especially in oxidising experiments.

Typical release kinetics of Mo in such condi-
tions is illustrated in Fig. 4 which represents
the results for evolution of the phase distribu-
tion of this element during VI-3 test. It is seen
that, in the MFPR description, during the mid-
dle temperature plateau (2000K) and in the
conditions of weak external oxidation
(stoichiometric deviation ~107) the phase of
metallic molybdenum becomes unstable, and
almost total molybdenum passes to the grey
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phase. The Mo release then proceeds along
with the high temperature decomposition of the
grey phase and is dominated by caesium mo-
lybdate, Cs,MoQO4(g), and gaseous molybde-
num  trioxides, MoOs(g), (MoO;)x(g),
(Mo0O3)5(g). Note that, in general, formation of
gaseous molybdenum trioxides is a signifi-
cantly efficient channel for release of Mo from
the metallic phase. However, as shown in
Fig. 4, this channel is not included because
total molybdenum is rapidly transferred from
the metallic to the grey phase before the begin-
ning of the high-temperature oxidation stage.
Therefore, the tendency to underestimate the
Mo release can be explained, in part, by sim-
plified description of inter-phase transport of
FP elements considered in MFPR as an instan-
taneous process governed by the equilibrium
thermochemistry only.

Significant releases of barium and strontium
were observed in both oxidising, VI-2 and
VI-3, and reducing, VI-4 and VI-5 tests. The
data presented in Table 4 show that the results
obtained with MFPR for VI-4 test, where an-
nealing was performed in reducing conditions
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of hydrogen atmosphere, are in agree with the
measurements with overestimation by a factor
of ~1.5. However, the current MFPR model
can not explain relatively high release of Ba
and Sr in such steam tests as VI-3.

Note that the released fraction of Eu calculated
with MFPR for VI-4 test is lower than 107",

whereas the test measurements yielded the
value of about 70%. Such an extremely high
release of europium is related, as assumed [5]
to significant fuel reduction during interaction
of melted Zircaloy with the fuel and some of
the fission products.

Table 4. Comparison of measured and calculated fractional releases for VI-3 and VI-4 tests

VI-3 Test VI—4 Test

Element Experiment MFPR Element Experiment MFPR
Xe 0.995 9.05E-01 Xe 0.944 (0.85) 6.94E-01
Cs 0.999 1.00E+00 Cs 0.9587 1.00E+00
I 0.790 1.00E+00 I 0.868 (0.71) 1.00E+00
Mo 0.770 4.78E-01 Mo 0.069 1.65E-03
Ru 0.050 1.72E-04 Ru 0. 3.99E-08
Ba 0.297 1.99E-03 Ba 0.268 6.65E-01
Sr 0.027 5.84E-07 Sr — 2.92E-01
Zr - 1.90E-09 Zr — 1.05E-11
La - 3.47E-08 La — 2.26E-07
Ce <0.002 1.67E-08 Ce — 1.87E-07
Eu <0.0001 3.16E-08 Eu 0.1863 1.99E-05
Nd - 2.06E-08 Nd — 1.28E-07
Nb - 1.20E-09 Nb — 5.03E-09
Sb 0.992 6.80E-01 Sb 0.0636 4.03E-02
Te 0.988 1.00E+00 Te - 1.00E+00

3. Modelling of VERCORS tests

3.1. Experiment description and results

The VERCORS test series of annealing experi-
ments was performed at CEA-Grenoble as an ex-
tension of the HEVA (HElium and VApor) pro-
gram in order to investigate the release behaviour
of fission products in the conditions of great
fuel deterioration at high temperature.

For each test the fuel sample comprised a small
section of a spent PWR fuel rod consisted of
three pellets in their original Zr cladding. Since
the samples were maintained vertically, to pre-
vent fuel loss during experiment, two half-
pellets of depleted urania were placed on each
side of the test sample and held in place by
crimping the cladding. In order to recreate the
most important short-lived FP elements (in-
cluding Xe, Te, I, Mo, Ba, La, Ru, Ce, Zr, etc.)
after the long cooling periods, the fuel samples
were re-irradiated in an experimental reactor.
During the tests the fuel temperature was in-
creased with the rate of about 1K/s through a

series of plateaux to the highest value ranged
from 2100 to 2600 K. Temperatures and duration
of the plateaux are presented in Table 1 [2, 7].

Each VERCORS test was made under total

pressure of about 1 atmosphere at a gas flow of

steam/hydrogen mixture the input composition

of which varied, as a rule, during the heating

and annealing period:

¢ VERCORS-1 — oxidising mixture with
H,O/H, = 50/1 at the high temperature
plateau;

¢ VERCORS-2 — oxidising mixture with
H,O/H, = 6/1 at the high temperature plateau
and H,O/H, = 50/1 at lower temperatures;

¢ VERCORS-4 — H,/He atmosphere at the
high temperature plateau after oxidation in
H,O/H, mixture at lower temperatures;

¢ VERCORS-5 — H,0/He atmosphere at the
high temperature plateau after oxidation in
H,O/H, mixture at lower temperatures.
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Details of the experimental conditions are
briefly summarised in Table 1.

Typical temperature and oxidation scenario of
VERCORS tests is shown in Figs. 5-7.

The results of the VERCORS test measure-
ments are presented in literature in the form of

total released fraction of volatile and low vola-
tile FP elements [7]. The results of measure-
ments of the release kinetics are available for
caesium in the case of VERCORS-2 [2] and
VERCORS-4,5 [7, 8]) and for low volatile FP
for VERCORS-4,5 [7, 8].

3.2. Comparison to VERCORS experimental data

Modelling of oxidising/reducing conditions

Similar to VI series, VERCORS tests used the
fuel specimens including Zr cladding interact-
ing intensively with the oxidising atmosphere
and affecting the gas composition. Since in
these two series of experiments almost the
same geometry was applied, modelling of the
VERCORS tests was based on the simplified
approach discussed in the previous section.

In VERCORS-4 test, high temperature
(2573 K) annealing in pure hydrogen atmos-
phere followed the clad pre-oxidising phase in
steam/hydrogen mixture. It is known that clad-
ding was oxidised completely approximately
by the end of the middle temperature plateau
(1523 K). Therefore, the following scenario is
use for modelling of the high temperature
phase of the test:

steam/hydrogen mixture with the ratio
Hy/H,O ~ 10°-10° during the middle tem-
perature plateau (1523), steam/hydrogen

mixture with the ratio H,/H,O ~ 0.1-0.001
during the temperature ramp, and pure hy-
drogen during the high temperature plateau.

This oxidation/reduction scenario is illustrated
by Fig. 5, where the results of calculations of
fuel stoichiometry are shown. It is seen that the
fuel is in almost stoichiometric state (slightly
hypostoichiometric with the stoichiometric
deviation x ~+(107-107)) before the tempera-
ture ramp. The state of the fuel changes to
strongly hypostoichiometry during the plateau
2573 K in the reducing (hydrogen) atmosphere.

Modelling of the VERCORS-5 conditions are
performed in similar manner, that is
steam/hydrogen mixture with the ratio
H,/H,0 ~ 10°-10° during the middle tempera-
ture plateau, and pure steam at the high tem-
perature plateau.
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Fig. 5. VERCORS-4 test. Modelling of oxidising conditions and predicted fuel stoichiometry
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Release Kkinetics and total releases

Release kinetics of xenon calculated for
VERCORS-4 test with the different combina-
tions of models is compared with that meas-
ured in the test in Fig. 6. As for VI tests, the
best fit to experimental data is provided by
simultaneous activation of the complete defect
model along with the grain growth mechanism
implemented in the code.

Release kinetics of caesium calculated for
VERCORSH4 test with the current chemistry—
release models is compared with the experi-
mental data in Fig. 7. As in the case of tests
VI-3, 4, 5, the model overestimates signifi-
cantly the release rate of caesium during the
rise to the high temperature plateau.

Evolution of the phase distribution of Cs calcu-
lated for VERCORS-2, 4, 5 tests illustrates that
during the low-temperature plateaus the most
part of Cs is in the grey phase which is predicted
to be stable even in the weakly reducing condi-
tions with small hypostoichiometry of x ~—10™,
Intensive release of Cs begins simultaneously
with very rapid decomposition of Cs-bearing
components of the grey phase at temperatures
T~2100-2200K, that is before the beginning of
the strong reduction stage of experiment.

Total released fractions calculated for
VERCORS-4, 5 tests are compared with the
experimental data [7, 8] in Table 5 (the values
in brackets are taken from Ref. [2]).

Data presented in Table 5 show that the chem-
istry models underestimate releases of Mo.
Similar to VI tests, this can be explained, in
part, by a simplified approach to description of
inter-phase transport of FP elements consid-
ered, in the MFPR model, as an instantaneous
process (without any kinetic limitations). In
Fig. 8 representing the evolution of the phase
distribution and the release kinetics of molyb-
denum in VERCORS-4 test, it is seen that ac-
cording to the oxidation scenario shown in
Fig. 5, the molybdenum release occurs during
a very short period of fuel oxidation. When
steam is switched to hydrogen, the Mo release
is terminated simultaneously with almost in-

stantaneous and complete decomposition of the
molybdenum-bearing components of the
grey phase from which molybdenum is
transferred to the metal phase.

In oxidising VERCORS-5 test, the Mo re-
lease is dominated by two, practically in-
stantaneous processes at the beginning of
the strong high temperature oxidation: that
is transfer of metallic molybdenum to the
grey phase and evaporation through the re-
actions Mo — MoOs, (M00O3),. Additionally,
decomposition of the molybdenum-bearing
components of the grey phase completed.

Another point in VERCORS-4 description is
related to the MFPR fuel oxidation model
which represents the high-temperature reduc-
tion of fuel in hydrogen atmosphere as very
rapid process (see Fig. 5) determined by the
solid state diffusion of oxygen only. This
problem is discussed in more details below
in Section 5.

The MFPR model underestimates significantly
(by several orders of magnitude) releases of Ba
and Sr in oxidising tests as VERCORS-1, 2
and VERCORS-5 (and also VI-3 as shown in
Table 4). Probably such underestimation can
be explained by non-homogeneity of the oxy-
gen potential, however, in general, this prob-
lem is not yet understood.

On the other hand, the MFPR chemistry pro-
vides reasonable agreement with experimental
data for the barium and strontium releases in
the case of VERCORS-4 test including the
high-temperature reducing phase. The pre-
dicted release of Ba as a function of time
shown in Fig. 9 along with the phase distribu-
tion of this element demonstrates an instanta-
neous-like kinetics of the same type as for Mo.
The release rate of Ba is calculated to be large
during a short period at the beginning of the
reducing stage of the test when the barium-
bearing components of the grey phase are par-
tially (but almost instantaneously) decomposed.
The MFPR model underestimates the re-
leases of antimony within a factor of 10,
and the ruthenium releases by 2 to 3 orders
of magnitude.

151



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA
Tpyowr HEPAD PAH. Buinyck 5

1 : ; 3000
VERCORS-4 1 1
= = = = MFPR,v0-d0-g0 |! I
| ——— MFPR, v1-d0-g0 | | i
MFPR, v1-d1-g1 :7 o 7:7 77777777777777
>(|<) 0.8 _0__ lixienm‘ fi E
o | | | | -
9 ! ! ! 2000
g 06 - R ARRERER '
= I et o o X
= L) : ™
© 1 1 |
c 04 T - -—---- B e -—-—-—-—-—--- T
= / | | - 1000
E i _ JI 1 |
LiL | I |
G
l | @
1 g’ ?
0 ' i ' i - i 0
2000 4000 6000 8000 10000 12000

Time, s

Fig. 6. VERCORS-4 test. Comparison of calculated and measured release kinetics of Xe
Abbreviations: “v0—d0-g0” — vacancy, dislocation and grain growth models switched off,
“vI-d0-g0” — vacancy model activated, dislocation and grain growth models switched off,

“vi-dl-gl” — all three groups of the models are activated
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Fig. 7. VERCORS-4 test. Comparison of calculated and measured release kinetics of Cs

152



Validation of the MFPR Code against Integral Tests

Fraction of total Mo

Fraction of total Ba

V.D. Ozrin
VR-4. Phase distribution of Mo
—— - — S0lid solution
== == == == |/etal phase
-------- Grey phase
1 Releas 3000
> Experiment
] = =~ —— - —— Temperature
AY ‘) —- - - -
] \ ) \ i
0.8 3 ' N
A \
_ \ 5 O Rl
1 — 2000
\ 1 1 ’
06 — ’ ‘ 1 1
/o >
| —- Yoo I
L X 4 S
Ny =
- ] 1
0.4 ; \ ! . . AR
] L YA - 1000
U \ * *
L *
0.2 AN
' ‘ 1 3
i N R 4 I
. I\
0 é |\‘¥-‘ 1 : : : 0
8000 9000 10000 11000 12000
Time, s
Fig. 8 VERCORS-4 test. Phase distribution and comparison of calculated
and measured release kinetics of Mo
VR-4. Phase distribution of Ba
— = m— S0lid solution
-------- Grey phase
1.2 Release F— 3000
* Experiment
— = Temperature
7 N\
4 1 N
1
0.8 - / ! - 2000
/ .
] / ; i X
\ M
1
0.4 — 1000
e ¢
0 Sl — ' T ; T ' 0
8000 9000 10000 11000 12000 13000
Time, s

Fig. 9. VERCORS-4 test. Phase distribution and comparison of calculated
and measured release kinetics of Ba

153



Mooenu svixoda npodykmos oejierust u3 0OIYYEeHHO20 MONIUBA

Tpyowr HEPAD PAH. Buinyck 5

Table 5. Comparison of measured and calculated fractional releases for VERCORS-4, 5

VERCORS—4 VERCORS-5
Element Experiment MFPR Element Experiment MFPR

Xe 0.86 7.52E-01 Xe 0.87 7.47E-01
Cs 0.93 1.00E+00 Cs 0.93 1.00E+00

I 0.87 1.00E+00 I 0.93 1.00E+00
Mo 0.47 2.96E-01 Mo 0.92 4.85E-01
Ru 0.07 6.36E-06 Ru 0.06 1.76E-04
Ba 0.66 6.76E-01 Ba 0.55 1.37E-03
Sr <0.08 3.14E-01 Sr <0.06 2.08E-07
Zr <0.02 3.81E-09 Zr <0.04 5.94E-10
La <0.02 1.20E-06 La <0.03 1.29E-08
Ce 0.03 9.38E-07 Ce <0.03 5.48E-09
Eu <0.05 1.02E-04 Eu <0.05 1.18E-08
Nd - 7.12E-07 Nd — 7.46E-09
Nb - 1.66E-08 Nb — 3.19E-10
Sb 0.97 1.81E-01 Sb 0.98 6.90E-01
Te 1.0 1.00E+00 Te 0.98 1.00E+00

4. Summary of integral test simulation

In this section the results of modelling of in-
tegral tests are discussed with focus on analy-
sis of chemistry effects and total FP releases,

4.1. Chemistry effects and total FP releases

Comparison of the calculation of total FP releases
with the experimental data through all integral
tests considered is presented in Table 6 which
shows the order of magnitude deviation between
measured and calculated fractional release for
each of elements included in MFPR scheme. The
order of magnitude deviation (OMD) is defined as

kinetics of FP releases and effects of oxida-
tion on the predictions of FP releases.

OMD =1log)y (Calculated Released Fraction /
Measured Released Fraction).

In the table, the symbol ‘- is used in the cases
when a finite release of an element is calcu-
lated whereas the measurements yielded zero
release.

Table 6. Comparison of the order of magnitude deviations between measured
and calculated fractional releases for integral tests

Test VRC-1 | VRC-2 [ VRCH4 | VRC-5 | VI-1 VI-2 VI-3 Vi+4 VI-S UCE MCE Dmtr
Xe 0.04 0.3 —0.06 —0.07 0.2 0.3 —0.04 | 0.1 —0.04 - - -
Cs 0.1 0.2 0.03 0.03 —0.03 0.05 0.00 0.02 0.00 0.1 0.1 0.2
I 0.5 0.6 0.06 0.03 0.3 0.3 0.1 0.06 0.2 - - -
Mo - -1.9 —0.2 0.3 —0.2 —0.4 —0.2 -1.6 —0.6 - - -
Ru - - —4.0 2.5 - - 2.5 - - - - -
Ba 3.7 3.4 0.01 2.6 - -3.1 2.2 0.4 —0.2 - - -
Sr - - 0.6 =55 - - —4.7 - —0.2 - - -
Zr - - 6.7 -7.8 - - - - - - - -
La - - —4.2 —6.4 - - - - - - - -
Ce - - —4.5 —6.7 - - =5.1 - -3.6 - - -
Eu - - 2.7 —6.6 - - -3.5 —4.0 =35 - - -
Sb 0.02 2.1 0.7 0.2 0.4 -1.0 0.2 —0.2 0.2 - - -
Te 1.3 0.7 0.00 0.01 — — 0.01 — 0.09 — — —
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Noble gases and volatile FP elements, Xe, Cs, I, Te

In Table 6 it is seen that total releases of Xe, Cs
and [ are satisfactorily described by MFPR:
throughout all tests under/over predictions are
within a factor of 2—1.5. Besides the uncertainties
of measurements these deviations from the test
data can be related to the following causes:

o High temperature (7 > 2000 K)
thermodynamics of ternary compounds
composing the grey phase is not well
established.

o The solid state diffusion coefficients for the
majority of elements included into the
MFPR chemistry are not well measured
especially in the high temperature range.
This problem is of great importance for the

The problem of Te and 1

Discussion on the iodine release kinetics in Sec-
tion 2.4.2 as well as the data presented in Ta-
ble 6 indicate that in almost all tests, both oxi-
dising and reducing, the MFPR model overes-
timates release rates and total releases of iodine.
To remove this problem the possible importance
of the iodine species other than caesium iodide
and gaseous monatomic I should be assessed.

Although for the majority of the tests, the
MFPR predictions for total releases of telluri-
um are in reasonable agreement with the test
data with tendency to overestimation, typical
kinetics of tellurium release differs noticeably

Semi-volatile Mo, Ru, Sb

Analysis of data presented in Table 6 shows that
current chemistry model describes satisfactorily
the behaviour of fission molybdenum and anti-
mony with some tendency of underestimation of
total releases. Most essential underestimation of
Mo release is observed for tests VI-4 and VI-5
with pure hydrogen atmosphere in which,
according to equilibrium thermochemistry, this
element is known to be extremely low volatile.

Releases of ruthenium are, as a rule, under-
predicted: by several orders of magnitude. This
element (as well as molybdenum) is known to

Semi-volatile Ba, Sr

The results presented in Table 6 show that the
problems with description of behaviour of Ba
and Sr are inverse to those for Mo: the MFPR
chemistry describes satisfactorily the releases
of these elements in reducing (hydrogen) envi-
ronment of tests VI-4, VI-5 and VERCORS-4

dissolved oxygen and, in general, for the FP
thermochemistry in oxide fuel.

e There are some uncertainties in description
of the equilibrium oxygen pressure over
UO.,., and the fuel oxidation kinetics with
different models.

o There is some ambiguity in modelling of
the pre-test period of normal operating and,
that is of more importance, in the fuel
oxidation conditions discussed throughout
the report.

Note, that the above comments are also re-
lated to description of behaviour of the other
FP elements.

from that measured in experiments. This
concerns, in particular, to a high level of the
initial (low-temperature) release and too rapid
release at high temperatures. Since MFPR does
not include any tellurium chemistry, it would
probably be appropriate to include (assessed for
inclusion) Te(c) along with some tellurium
compounds such as caesium tellurides, tellu-
rium oxides, Cs—Te—(0O) compounds and
possibly tellurium iodides in the MFPR data-
base if the corresponding thermodynamic data
are available.

have a relatively high volatility in the conditions
of high temperature oxidation and high oxygen
potential. For all experiments considered,
MPEFR predicts that a dominant part of Ru is in
the metal phase during the entire tests.
Nevertheless, the calculated releases of Ru are
underestimated by several orders of magnitude
even in the conditions of oxidation.

Possible and most reliable way to remove the
problem of antimony is related to re-analysis
of phase distribution of this element with
inclusion of new solid phases.

and underestimates the releases by several or-
ders of magnitude in oxidising and inert tests.
Note that this problem of Ba and Sr behaviour
in oxidising and inert conditions is not yet un-
derstood.
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Low volatile Zr, La, Ce, Eu, Nd, Nb

Reliable data for releases of Ce and Eu were
obtained in the tests VERCORS-4, VI-4 and
VI-5. For these tests, the MFPR chemistry
model underestimates the releases of fission
cerium and europium by several orders of
magnitude. This can be explained, in part, by
MFPR incapability to describe extensive fuel
reduction occurred in these experiments:

4.2. Release kinetics and effects of oxidation

Comparison of calculated and measured re-
lease kinetics of Cs, Mo and Ba presented in
the report shows that for the majority of tests,
the MFPR description of the FP behaviour is in
qualitative agreement with experimental re-
sults. The following pronounced difference
between the results of calculations and
measurements should be pointed out:

o the predicted release rates are lower than
that observed in the tests on the temperature
plateaux and significantly higher during the
temperature rises, especially at
temperatures 7> 2200-2300 K;

Conclusions

The present validation of MFPR code against
integral tests allows formulation of the follo-
wing conclusions:

1. The MFPR model somewhat under-
estimates FP releases during the irradia-
tion phase of tests or the stage of normal
reactor operation. Besides possible
corrections to the diffusion coefficients of
FP elements affecting the FP behaviour,
additional models are needed for
adequate description of releases of
chemically active elements during low
temperature irradiation stage.

2. The obtained results have demonstra-
ted that implementation of the exten-
ded defect and grain growth models
provides good agreement with experi-
mental data for both release kinetics
and total releases of Xe during anneal-
ing phase of the tests.
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according to Lorenz and Osborne [5], in VI-4, 5
tests the release of europium was dramatically
increased when melted Zircaloy reacted with
the fuel and some of the fission products.

Experimental data for releases of the other low
volatile FP elements are scarce if known.

e similar ‘jumps’ in the release rates, in
particular, for Ba, Sr and Mo are calculated,
but not observed, for sharp changes in
oxidation conditions, for instance, from
oxidising to reducing.

To remove these inconsistencies the models re-

sponsible for the description of bubble dynamics

(formation of grain boundary bubbles, grain face

channel and grain edge-open porosity interlink-

age) should be re-analysed and improved.

Additionally, the problem of inter-phase transport

of FP elements such as Mo, Ba and Zr discussed

in detail in connection with VI-3 and VERCORS-

4 modelling should be analysed.

3. Comparison of calculated and meas-
ured release kinetics of Cs (and also
Mo and Ba) shows that the MFPR de-
scription of the FP behaviour is in
qualitative agreement with experi-
mental data for the majority of tests.
Nevertheless, the following pro-
nounced differences between the re-
sults of calculations and measurements
should be pointed out:

e The predicted release rates are significantly
higher than that observed for the phases of
the temperature rise, especially at high tem-
peratures 7' > 2200-2300 K.

e In contrast to observations, similar ‘jumps’
in the release rates are calculated for sharp
variations in composition of gas enviro-
nment even at relatively low temperatures
of ~1700-1800 K, in particular, for transi-
tion from oxidising to reducing conditions
(as in VI-4 test).



Validation of the MFPR Code against Integral Tests
V.D. Ozrin

To remove these inconsistencies the models re-
sponsible for the description of the release kinetics
(intergranular FP transport through the net of
channels to open porosity) should be re-analysed
and improved.

As shown by modelling of VERCORS-4, 5 and
VI-3,4,5 tests, the most significant problems
are related to description of molybdenum be-
haviour (and high releases) in the reducing
(hydrogen) experiments, and barium behaviour
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